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M. AEUMOHAL^'! 

Ph.O. 

Department of Electrical Sngineering 
Indian Institute of technology , lanpur 
July, 1977 

SOLID SM3 SPEED CONTROL OF 
I2TDUCTI0N MOTORS 

The solid state variable speed a,o* drives find wide 
spread applications in to-day's industries. The development 
of power semiconductor devices and solid state integrated 
circuits are responsible for the opening up of this new field 
in industrial drives. The solid state drives can claim memy 
advantages, such as reliability, fast aoting, loi^ life, less 
maintenanoe, high effioienoy and low coat, over the older 
schemes which use motor-generator sets, magnetic controllers 
and gas dishbarge valves. The induction motor, whioh is the 
best ohoioe among a.o. machines for many industrial applica- 
tions, is simple, cheap and robust. It is basically a con- 
stant speed motor. Many industrial applications demand a vari- 
able speed-torque oharaoteriatio. The well-known teohniqiues 
of speed control are s (i) stator voltage control, (ii) stator 
voltage and frequ^mqy control, (iii) rotor power control, and 
(iv) rotor impedance control. Of all these techniques, fli»t 
and last ones are simple and economical. The last method 
gives wide speed variation and high starting torque. These 
two methods are however less effioimt particularly at low 
speeds, , I&erefore, they are usually employed for small motors 



aiid where economy and not efficiency is the prime consideration, 
fhe phase controlled bOas connected in various configurations 
have been used for the stator voltecrG control of squirrel ' 

cage and wound rotor induction machines, Hecently, attempts 
have .also been made to naico use of the phase controlled SGH 
circuits in the rotor of the slip ring induction machines to < ; 

I 

have wide-range speed control* The main advantage of the phase ’ 
contrDl circuit is that it employs line or natural commutation 
and there is no need for additional commutating elements. How- 
ever, the analysis of phase control circuits is quite compli- 
cated because the instant at which Ihe conducting 30R goes off : 
in the case of motor loads is unknown and it is difficult tof | 
predict the iroltage that mser come across the op«a circuited i, j 
phase. Two well known methods have been in use for solving ' 
the thyristor controlled ma<^ine problems. They are i (i) state 
space method and (ii) harmonic analysis method* 

In the present thesis the above two methods of anaXysis 
are applied to some of the economical a*o, maohine speed ■ ! 

control schemes using phase controlled SOHs either in the I 

. ■ ■ ■ . , I 

stator or rotor of the induction maohine. The results obtained ; 
are compared with experimental values. 

The harmonic analysis method is applied to a single 
phase a*c* maohine which uses phase controlled SOHs in the 
stator. The suggested procedure iterates on the oonduotion 
period alone ' and 'avo ides Iterating on the induced e.m.f* The 
results obtained by this procedure are ^ compared with state 



space results and experimental values. A three diodes - three 
tli^ristors stator voltage control scheme for a three phase 
induction machine is discussed. Ihe various possible modes 
of operation are explained, Ihe firing angle and speed 
decide the particular mode of operation. A state space pro- 
cedure which is already available in the literature is exten- 
ded to this systan. A modified harmonic analysis method is 
also developed. An attempt has been made to consider the 
frequency dependency of the machine parameters usii^ the modi- 
fied harmonic analysis method. The analytical results are 
compared with experimental values. 


I 

i 


The applicability of hamonic equivalent circuits for 
the steady state performance calculations of inverter driven ; 
systems are also explained. Both voltage and current source : 
driven systems are considered, A simple and fast iterative 

■ ' ■ f 

procedure is presented for the estimation of the steady state ; 
behaviour of the inverter driven systems including the input S 
filter oharaoteristios. The iterative procedure explains | 

how the effect of the sixth harmonic ripples, which are presentj 
in the input side of the inverter can be taken into account i 

■ ■ '■ ' ' ■ ■■ ' , ' i 

for calculating the perfo r mance characteristics, | 

The rotor impedance control using phase controlled SCBS 
in the rotor circuits in two different configurations has 
also been investigated in this thesis, A phase controll,ed I 

I 

resistance method of speed control using a controlled bridge | 



and external resistance in the rotor is explained. Ihe 
chopper controlled external resistance aethod of speed control 
has been already discussed in the literature. In this method, 
a diode bridge and a chopper is used in the rotor circuit of > 
the maciiins. Ihe power is fed to the chopper controlled re- 
sistance through the diod«.- bridge. Ihe effective rotor imp©- ' 
dance is varied by controlling the chopper on-off fre<iuenoy. 

In the present scheme, a fuHy controlled bridge is used to 
feed the external resistance* Ihe effective rotor ittpedanoe 
is continuously controllable by advanoing or retarding the i 
firing angle of the controlled rectifier* A smoothing reactor ; 
is used in the d.o* side to make Ihe current continuous* Ihe i 
different inodes of operation of this system are explained* A | 
state space procedure is developed ix> obtain the rotor current! 

I 

and henoe the performance ddaract eristics of the eyetem* ®he ! 
state space procedure does not involve iterations and the 
variables used are the actual rotor variables of the machine* 

One of the Important problems facing the laves tig atore 
in obtaining the steady state performance of the thyristor 
controlled machine is the imposition of the open circuit 
condition for the thyristors in the mathematical mod^* 

Iiipo and Krause have suggested a procedure ihere the current 
zero is imposed by applying a voltage equal to the induced 
e*m*f * , across the open oirouttsd phase of the machine. In 
the present wrk, an alternative concept is employed* When 



one of the phases of the machine with isolated naitr^ gets 
open ciro ited, the other two phase coirrents and their ‘ ; 

derivatives are equal and opposite to each other, Iherefore, 
one more differential equation is available and is used in the 
mathematical model, h simplified a.c. equivalent circuit is 
also developed for obtaining the performance characteristic of t 
the scheme. The results obtained by the analytical procedures 
are compared with the experimental values which were already : 
available, : 

The effective rotor Impedance oan also be continuously | 
varied by using delta-oonneoted phase controlled SOBs in the | 
rotor circuit# This sohMtie is also discussed in detail in I 
the present thesis* The schemes use» equal external resistance 
in the rotor ph^es and the phase controlled SOBS are placed I 
at the open star point of the rotor oirouit. The speed of the j 
machine if controlled by varying the firing angle of the | 

phase controlled thyristors# There are two different modes of j 
operation depending upon the firing angle and speed. One is | 
2/1 mode where two thyristor and one thyristor conduction oocu:ii 

■ ' ■ ' '■ ■ '■ , ■ I 

alternatively and the other one is 1/0 mode where one thyri- 
stor oonduotion is followed by an off period. When the maohlrn 
is in 1/0 mode the rotor 'current is easily obtainable consider] 
ing the rotor induced voltage and the equivalent machine 
parameters, A state space procedure similar to that described 
for the phase controlled resistance scheme is used to obtain 



rotor current waveform for 2A node of operation. A hamonic 
analysis method suitable for this problom is also discussed. 
Hare an iterative procedure i-* to obtain the current zero 

instant. The iterations are carried out until the r.n.s. 
value of the phase current durin.’^ tho off period is reaso- 
nably lo\f. The analytical results obtained by these methods 
are compared with experimental observations, A simple and 
reliable firing circuit suitable for the rotor phase control 
sohemes is also presented- 

A feed-back control scheme for variable speed operation 
using delta connected SOBS in the rotor is studied in this 
thesis. A voltage proportional to the speed of the machine 
is compared with a reference voltage and the error signal is 
aiaplified and given to a controller. The output of the con- 
troller adjusts the firing angle to the required value. For 
the present study » both S’ and PI controllers are used* The 
behaviour of the closed loop lystMi for the perturbations 
in load torque and reference voltage are obtained analytically 
and the results are compared with experimental observations. 
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IITRODITOTIOI 

1,1 ^J-eneral Discussion : 

Ihe advent of Silicon Controlled Rectifiers (SOfis) has 
revolutionized the field of speed control of electrical 
machines, Today SCRs of reasonably large voltage and current 
ratings are available and efforts are being made by the 
researchers to develop devices of still larger ratings. The 
solid state speed control system has many advantages over the ; 
older sohemes whioh use motor-generator sets, magnetic I 

oontroHers and gas disoharge valves such as, (1) reliability, | 
(ii) fast acting, (lii) long life, (iv) less maintenance, I 

(v) high efficiency, and (vi) low cost, ; 

■ ■ ! 

AO and dc machines are the competitors in the industrial | 
drive field. It Is easy to ooatrol the speed of do machines I 
and the control module is ineacpensive, but the do maohlneB | 

■ ■ ■ ■■ . ' . ■ ■ , ■ ' i 

cost more than that of ac machines of same capacity. In i 

addition, do machines need careful maintenance and are not I 

. , . ' -■■■■■■■■..■; ■ ■ ■ • • I 

suitable when the environment contains Inflammable gases. 
Though *th© control module of ao drive Involves oomplioated | 
oirouit^y, and ooets comparatively higher, often the eoonony ! 

is realized through the Inexpensive ao machines. Also the I 

[ 

ac machines are the best altematives when the environment j 
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demands ruggedness and flameproof construction. The indu- 
otion machine, often the best choice for many drive applica- 
tions, is basically a constant speed machine. The attractions 
towards ac machines are due to its simplicity, ruggedness 
and low cost. However, to control its speed is not an easy 
task and investigations are being made to develop simple 
control schemes. The various techniques of speed control of < 
induction motors are (i) stator voltage control, (ii) stator 
voltage and frequency control, (iii) rotor power control, and 
(iv) rotor impedance control. They discussed in the i 

S: 

following seotions# ! 

1.2 Stator Voltage Goatrol ! 

This is the simplest and most straight forward method I 
of controlling the speed of induction motors. Since the | 

i 

torque developed by the motor at a given speed is directly ! 

proportional to the square of the r.m.s, value of the air s 

gap voltage of the machine, the developed torque at different! 
speeds of the machine oan be ad;3usted by varying the stator | 

I 

voltage. Therefore, a variable speed-torque oharacteristio 
is possible with stator voltage control. If the driven 
load is having parabolic speed-torque charaoteristio like | 
that of pumps and fans, then the speed-torque ourve of the I 
load oan intersect the machine oharaoteristic ourves at 
various points giving wide eg^eed range. If it is a constant | 
torque load, then the speed range is limited. T'lg. 1*1 I 




Supply voltage 


FiC-.l-! MOTOR CHARACTERISTICS WITH STATOR 
CONTROL 
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shows the rotor characteristics with stator volt a£;e control* 

The stator voltage was obtainec’ xiaing ts,p changers or 
series reactors before the intrcc’uction of thyristors. This 
syrten is expensive and aluggishi Now-a-days triacs or i 

tliyristors in various configurations are used in the stator ' 

circuit of the machine to control the stator voltage. This 
method of control is suitable to both squirrel cage and 
slipring machines. The main advantages of these control schemes 
are that they use phase controlled SCRs and the type of ; 

commutation used is the natural commutation. These schemes I 

I 

are efficient at low speeds because slip tines the air gap : 

power goes as heat loss in the rotor circuit. Itirther the [ 

pullout torque decreases as the Input voltage is reduced. [ 

Therefore these methods of control are employed for small 

i; 

machines -here economy and not efficiency is the prime con- 
siderations* 

■ I 

1*3 Stator Voltage and Frequency Control 

The rotor of the induction machine will tend to run 

. f 

' ' ' ■ ^ 

close to synchronous speed decided by the number of poles ; 

for which the machine is wound and the stator supply frequency. 
Therefore, the speed of the machine can be varied by contro- 
lling the stator supply frequency. For economical considera- 
tions, the magnetic circuit of the machine is designed such 
that the operating point is near the knee of .the magnet iz.at ion 
curve of the machine. When the frequency of the stator 
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excitation is varied, the r.m.s. value of the stator voltage 
must also be adjusted to keep the air gap flux of the machine 
constant. . in other words, V/f must be kept constant for the 
entire range of operation which ensures constant air gap flux. 

Shis method of control is quite expensive and is suitable 
for large machines, Previously, motor-generator sets were 
used to get variable voltage variable frequency supply, Now, 
thyristors are used for this purpose due to cost considerations. 
Prom fixed frequency fixed voltage supply, a variable d» 
voltage is obtained using controlled rectifiers and the dc 
supply is fed to an inverter idiioh applies a variable frequency 
supply to the machine, fhe stator excitation (IT/f ) is con- 
trolled by adjusting the firing angle of the controlled recti- 
fier and the frequency of the inverter. With the help of 
suitable feed-back to control the rotor slip and stator exci- 
tation, it is possible to have constant torque or constant horse 
power operation, The charaot eristics are shown in Pig, 1,2» 
instead of controlled voltage source, controlled current source 
can also be used to feed the inverter* She ourrent souroe 
inverters have the advantages of reliability, regenerative 
capability and case of protection. The developed torque of the 
machine is controlled by adjusting the dc link current. Wh^ 
the induction machine is ourrent fed, it tends to operate in 
the negative elope region of the torque - slip characteristic. 
Hence suitable feed back must be employed for stable operation 
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and to a', old magnetic saturetion in the machine. 

1.4 Hotor Power Control ' 

Speed - torque character is tics of the induction machine ; 
can be changed to suit for variable speed drive applications ; 
by controlling the rotor power. Both sub-synchronous and super-, 

synchronous operations are possible by extracting out or * 

i 

injecting in electrical power in Idle rotor circuit, lilhen the I 
machine is running at lees than one - half synchronous speed, ! 
more than one - half of the air gap power is transferred to the | 
rotor circuit. A large portion of this slip power oan be 
extracted out and used to drive some other eleotrioal equipment 
or fed back to the ao mains# Kramer and Sdtierbius employed ! 

this principle using auxiliary commutator machines of size ! 

and capacity comparable to the main induction motor. !Eheee I 

i 

systems ocouiy large floor area and are sluggish, fhe solid ! 
state Kramer system uses a controlled thyristor bridge in the i 
rotor circuit which feeds a do machine. The i^eed of the 
machine is adjusted by controlling the firing angle of the 
controlled bridge. Here only sub-synchronous speed alone 
are possible. In solid state Scharbius system, two controlled j 
thyristor bridges separated by a do link are used in the rotor ! 
circuit to have both sub -synchro nous and super-synchronous 
operation. For sub-synchronous, operation, the bridge connected 
to the '''slipring is operated- ..in,. 'the converting mode to rectify 
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the slip power. The output of tliio bridge ie fod to the 
second bridge, which is operated as invertor, throu^ the do 
liruc. The second bridge output is connected to the nc mains 
to fbcd the power back to the supply. For super-synchronous 
operation, the first one operates as an inverter and the 
second bridge as a converter. Now power is injected into 
the rotor. The effioiency of the system is quite high and it 
requires large initial investment. This method of control 
is therefore suitable for large machines. 

The rotor power can also be controlled by having oyclo- 
convertera in the rotor circuit. Here also power oan be made 
to flow both ways and so both sub-synchronous and super- 
synchronous operations are possible. 

* 1,5 Rotor Impedance Control 

The torque developed by the induction motor at a given 
slip oan be varied by adjusting the effective rotor impedance. 
Therefore, variable speed-torque oharaoteristios suitable for 
drive applications oan be obtained by oontrolling the rotor 
impedance. External passive elements like resistors, saturable 
reactors and capacitors were used before introduction of SORs 
to have hi^ starting torque and wide range ^eed variations. 
These systems are sluggish, costly and are not suitable for 
closed loop operations. Recently, SORs are introduced in 
the rotor circuit to control, the effective rotor impedance and 
hence the speed of the maohjjie* Both phase controlled and 
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chopper controlled circuits are used for the purpose. In the 
£-:yste;.iO whioh use phase controlled circuits, the speed of the 
is varied by controlling the firing angle of the SGRs. 
fhe spised variation is obtained in the chopper controlled 
systems by varying the ON-OFP time of the chopper* Ihese 
types of drive systems are simple and economical. However, 
the efficiency of the system is poor particularly at low 
speeds. Pig. I .3 shows the motor characteristic with variable 
rotor impedance* 

1,6 Outline of the Thesis 

The review of the various methods of speed control of 
induction motors given in the previous sections has made it 
clear that the stator voltage and rotor impedance control 
methods are simple and eoonomi<B,l for small machines , The 
present thesis deals with some of the control schemes which 
come under the above two categories. The scheme uses phase 
controlled SOils either in the stator or rotor of the induction 
machine. The analysis of the phase controlled oirouits are 
however complicated because of the following reasons 1 
(i) In the case of motor loads, the instant at which the 
conducting SCR goes off is unknown, and (li) it is not easy 
to predict the voltgge that may come across the open circuited 
machine phase. 
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Two methods of analysis, (i) state space method, and 
(ii) harmonic analysis method are used to. obtain the perfor- 
mance characteristics of the various systems discussed in the 
present thesis* 

In Chapter 2, a harmonic analysis method suitable for a 
single phase ao machine whose stator voltage is controU^i 
using a pair of thyristors conneoted in antiparallel in series 
with the stator winding is disoussed. The procedure discussed 
in Cl] iterates on conduction period and the induced e*m*f* 

The procedure suggested in this thesis iterates on the oondu- 
otion period alone aM avoids iterating on the induced e.m.f* 
The results obtained by this procedure are compared with those 
obtained using state space method [23* Oomparision with 
experimental results is also made* The stator voltage of a 
three phase induction motor can be controlled using thyristors 
and diodes in the stator circuit# A three thyristors - three 
diodes scheme is explained in Chapter 3* The stator voltage 
can be varied from rated value to aero by adjusting the firing 
angle of the thyristors* The various modes of operation of the 
system are explained* The state space procedure disoussed in 
[ 3 ] is extended to the present system, A modified harmonic 
analysis method is also developed in Chapter 3 to obtain the 
steady state performance charaoteristic of the system* Ana- 
lytical resiilts are ooa®ared with experimental observations. 

The aotual values of the machine parameters vary with fretuaacy 
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of excitation. Since the thyristor controllc-d machines are 
fed with distorted voltage and cm-rent waveforms, the effective 
values of the iiiachine paraneters vary with the amount of distor- 
tion present in the stator voltage, attempt is made in 
Chapter 4 to consider the frequency dependency of the machine 
parameters using harmonic equivalent circuits, 

The steady state harmonic equivalent circuits can also he 
applied for estimating the steady state performance characteri- 
stics of inverter driven systems. Chapter 5 dieo\:^ses the 
applicability of the harmonic equivalent circuit method to 
voltage and current source driven systeue. Here, iterative 
procedures are developed to study the b Saviour of the system* 
The iterative procedures consider the input filter characteri- 
stic and the sixth harmonic ripples present in the do supply 
for the performance calculations. 


Phase controlled SORs can be used in different oonfigura- 
tions in the rotor circuit of the wound rotor induction motors 
to have wide range speed variations# Bridge and delta oonfi- 
gurationa are considered in the present thesis, A phase 
controlled resistanoe method of rotor impedance voontrol is 
explained in Chapter 6. The scheme uses a fully controlled 
bridge and an external resistanoe in the rotor circuit. The 
effective rotor impedance is Yaried by adjusting the firing angle 
of the controlled rnotifier#. ; '-A/large inductance is used in 
the do' side to keep the doy. our rent continuous. The various 
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modes of operation are also explained. il state space 
procedure is developed to obtain the rotor current and hence 
the performance characteristics of the system, fhe state 
variables used in the state space model are the actual rotor 
quantities of the machine, fhe procedure does not involve 
iterations. Ihe imposition of current zero in the mathemati- 
cal model is done as follows s ihen one of the phases of 
the machine with isolated neutral gets open circuited, the 
other two phase currents and their derivatives are equal and 
opposite to each other, fhis condition is made use of in the 
model. A simplified aa equivalent circuit is also developed 
in Chapter 6. The analytical results are compared with experi- 
mental values which were already available, 

A continuous and smooth variation of rotor impedance 
can also be achieved by using data connected phase controlled 
SOEs at the open star point of the rotor oircuit* The speed 
of the machine is adjusted by advancing or retarding the 
firing angle of the thyristors* Depending upon speed and 
firing angle, two different modes of operation are possible* 
They are (1) 2/1 mode, where two thyristor conduction and 
one thyristor conduction occur alternatively and (ii) 1/0 
mode where on© thyristor conduction is followed by an off 
period* for 1/0 mode, the analysis is simple. In the case 
of 2/1 mode of operation, the analysis becomes complicated 
because of the unknown current zero instants* The state space 
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procedure developed in Chapter 6 is extended to this problem in 
Chapter 7. She problem is defined as, given the slip and 
length of the period of two thyristor conduction, the firing 
angle of the tiiyristor is to be obtained. Once a is known i 

for the above given quantities, the initial state vector and 
hence the complete solution can be obtain^ easily, The har- 
monic analysis method is also applied to the present problem. 
Here the current zero instant is solved by iterations. The 
iterations are carried out until the r,m,s, value of the phase | 
current during the off period is reasonably low. The analytical 
results of the scheme are compared with experimental observe- ! 
tlons, I 

In the case of rotor phase control schemes, synchronization 
of the firing pulses with the signals available across the slip | 

i; 

rings is the problem because the magnitude and frequency of the | 
rotor voltage change with the speed of rotor, A simple and ! 
reliable firing scheme suitable for delta connected configuratlo:^ 
is disoissed in Chapter 8, The firing angles of the SOHs are 
adjusted automatioally through suitable feed back to keep the 
speed of the machine at the pre-set value. The voltage propor- 
tional to the speed of the machine is compared with the referenof 
voltage and the error is aaplified and given to the controller. 
The output of the controller is given to a delay circuit. The 
oohtrollah adjusts the delay to the required value. Both P and 
PI controllers are considered for the present study. The 



15 


rcsponseL of tho closod loop system for load and reference vol- 
tagje perturbations are obtained ajtialy tic ally and the results 
are compared with experimental observations. 

Concluding remarks and scope for further work are given 
in the last chapter. Ihe major aims of this thesis are to 
develop proper control schemes suitable for variable speed 
operations and methods for steady state and dynamic analysis of 
SOE controlled induction motors. 



GHiii’ x'iiiE 2 


x'Jrui. b G Ol< X EO Ldj -jjj S I i'i G Xuii E iLi 3 jb lEexOH IM iii 
2,1! .a.tr'"’.iictic*n 

I'l’i-'.o jr pr.ir of 3GRs in antipr.r.'illol ia usod in the 
stator circuit as shown in Pig. 2.1* for tho sijeod control 
of single phase ac .aaciiines which, drive loads like fans 
and purjps. The steady state analysis of this drive systen is 
not easy because the conduction angle and tho stator induced 
oLif are not known. In [d], an ima.lytical procedure which 
uses shifting theoreu has been i)rosonted, 1 state space 
procedure has been explained in [ 2] * E hanrionic analysis 
nethod which iterates on conduction angle and the stator 
induced enf has been discussed in [l]. In this chapter, the 
harnonic analysis uothod given in [l] is ooclified to avoid 
iterations on two variables. The induced e.rif is transforned 
into a dependent variable and iterations aro nade on the 
conduction angle. 

Tho advfintages of tho harnonic analysis nothod over tho 
other procedures are that this can be easily applied to 
systens which use nonsinusoid.al excitations and the frequency 
dependency of the riachine paranoters can bo easily taken into 
account by considering tho harmonic equivalent circuits. 


2.2 Math '.‘iiati cal Model 


The porforaancG equations of the single phase nachine 
are derived in this section using the resolving field theory. 

.1 ijulsating field is produced when the stator is excited by a 
single phase supply. This pulsating field, for the analysis 
purpose, can be inagined as two fields rotating in opposite 
directions at synchronous speed. The amplitude of eada field 
is one - half of that of the main field. These two fields 
induce currents in the rotor circuit of the machine. When the 
machine is at standstill, torques equal in magnitude and 
opposite in direction are produced by these two fields. There- 
fore there is no resultant torque for starting. If the rotor 
is started by some auxiliary means, it will continue to run 
in one direction. The field which is rotating in the same 
direction as that of the rotor is known as ’forward’ field and 
other one is called as ’backward* field. If the synchronous 


speed is n and the rotor speed is n, the slip of the rotor 

n - n 

with respect to the forward field is given by s^ * — 

0 

and slip of the rotor with respect to the backward field is 


given by s. 


n_ + n 

S 


(ng-n) 


(2 - s,) 


It is imagined that the two fields are acting on two 
separate rotors of equal impedance. If I^, I^^. 
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the stator, forward rotor and haokward rotor currents 
respectively, the steady state voltage equations of tiie machine 
can be written as follows t 


where 


is the stator winding inpedanoe 


is the effective rotor iapedanoe 


§ ( §rs" ) effective rotor inpedanoe 

at slip s to the backward field 


The equivalent circuit satisfy-ing equations (2*1 - 2.3) is 
given ih Fig* 2.2# These equations can be arranged in matrix 
forn as follows. 
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Pr.r,, equrtion (2,5), and 


In the case of thyristor controlled machines, the voltage 
wovefor,i applied to the stator of the riaohine contains funda- 
nental and several other harnonio conponents. In the present 
case, the tliyristors are fired sycuaetrioally at an angle a 
neaeured fron voltage zero and only one of the devices can 
oondnot at a tine during positive or negative Imlf oyoles. 
Therefore, odd harnonios alone are present# The equivalent 
circuit shown in Fig. 2# 2. can he usod to obtain the ©very 
harnonio current by applying the reepeotive harnonio voltage 


and using appropriate slip and naohine parameters* For the 
present analysis, it is assumed that the naohine paraneters 
are constant and the naohine inertia is large enough to elli- 



ninate the speed fluctuations. The slip of the rotor for the 

if ^ ■' 

Ith harnonio stator excitation is n"" (positive 

sign for forward field and negative sign for bacskward field) 


m the present system,' 'off peasdods are created in the 
stator '"cwrent waTsfom by adjusting the firing angle. For 

' , ‘K 

the giyen speed '''and ,,c»nduotlon angle,' the firing angle and 
enf across the stator winding during the off period have to 
be fcnefe equivalent oir- 

ouits .i®r forward solu- 
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eiiployed# In Idae next section an iterative procedure ¥111011 
iterates only on conduction angle for the given firing 
aiigle and slip) is developed* 


Ihc developed torque of the aaeshine is given by 


.ere lj,u+ is the Nth harmonic forward rotor current referred 
to stator 

T «j.- is Idle Nth hamonio backward rotor current referred 


to stator 


.d M is the order of the hipest harmonic considered for the 
lalysis • 


5 Harmonic inalyeis Method 


In the present system, the voltage waveform that appears 
sross the stator windings is not sinusoidal because of the 
■f period introduced in the stator current waveform by the de 
yed firing# She hamonio analysis of the stator waveform 
neoessary to make use of the hamonio equivalent oirouits 
r performance oaloulatione# ■ for this, the waveform is to be 
tfined fully for^,,the;,«ltire Ee:^erring to fig* 2*3» 





stator curreot 
waveform 


rtO.2-3 VOtTAOE AND CURRENT WAVEFORM OR 
'SINGLE; PHASE MACHINE ^ 
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article an'1 slip, the current zero instant and hence the firing 
angle a is obtained using state space procedure. Iterations 
are avoided by elininating the unknown induced voltage in the 
open circuited stator winding in terns of other known varia- 
bles* However, this is not possible in the harnonic analysis 
nethods. In [l], a procedure which iterates on conduction 
angle and the induced enf is presented* An attempt is nade 
in this section to avoid iterating on the induced enf and 
thereby reduce the overall computation tine* The procedure is 
explained below* 

fhe iterative procedure developed in this section starts 
with aninitial guess value of the conduction angle p. Ihis 
guess value can be obtained using static equivalent circuit 
of the madaine as is explained in [l]* For the sake of 
imnodiato reference, the procedure for obtaining the initial 
guess is given in Appendix A. 2fhe actual value of p will be 
loss than the value obtained from the static equivalent 
circuit* 

Ihe state space procedure solves for the exact current 

zero instant for the given slip and conduction angle without 
explicitly knowing the aotusil induced enf during the off 
period* therefore, it should be possible in the harmonic 
analysis procedure also to obtain an approximate induced 
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str^tor e f as the iterations on the conduction angle 
procoeds. The conduction angle ^ is reduced by a smll anount 
fron its initial guess towards its fairly accurate value. At 
every new value of (3, first the induced anf during the off 
period is nade zero and the iiarnonic analysis is nade to 
obtain an approximate value for induced enf. This is obtained 
considering the steady state equivalent oirouit and the 
stator voltage waveform with zero off period voltage. The 
induoeed enf is obtained by the following procedure* 


The induced emf during the off period is assumed to be 
a sinusoidal voltage in phase with the supply voltage [l]. 
Its amplitude M may be obtained by the following e quat 4 on 



where is the anplltude of the Hth hamonlo ihSueea emf 


obtained using the equivalent csircuit given in Fig. 2.4* In 



(I) is the Hth hanaonio induced emf when Htda 
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.»t tlie ; 5 iven speed r ad ooaciuction j agle is calculated. 
-bAC equation (2.6), If not, tiic value of p is reduced 
by r, 3 rail Eujount and the above procedure is repeated. 

inorefore, the procedure iterates only on p and for 
every value of p, the cx>r responding approxinate induced emf 
is obtained considering the steady state harcionic equivalent 
circuit. The algorithm for the above procedure is given In 
the next section. 


2*4 ilgoritha for the Suggested Procedure 

The algorithm for the procedure disaissed in the previous 



section is given below s 


1. Read the machine parameters, slips, firing angles ana«i 

2. CSioose slip and firing angle* 

3* Decide the initial guess for p using the static equl- 
valwt circuit (Appendix A) 

4* Assume induced ®mf during -off period (it—p) as aero. 

5. Do 1h.e haraonic analysis on stator voltage waveform# 
(Appendix 'B) ^ 

6. Oalculate the’ harmonic stator and ''rotor currents using 

'/ hhtained in step 5 end the 
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B.li) which are functicas of induced \ cltage alone aro 
to be efaluated. liquations (B-4» B.6, B.8 and B.IO) 
which aro the functione of sux-plo’' voltage have been 
iilready evaluated in step 5]* 

9, Obtain the naohine currents using the hamonic voltages 
and the hamonio equivalent oircuits, 

10, Obtain the rns value of me stator current during tlae off 
period, [Divide the off period into N number of intervals 

obtain the value of the resultant stator ourreni? a.t 
the middle of eaoh interval, ®he root of me mean vraiue 
of the squared ordinates gives me required r*m*s, vaXue] 

11, Oheoh whether me r#ms* vstlue calculated in step 1.0 is 


reasonably low 


Oalcuahte me developed torque using equation 2.6, 

W ^ ,1. 

Ohook mem«c perfortianoe, caloulations have been doji.® 
for to' given values .of slip and ^ 







tor -felae eak# o,f ooaparision 
Aned hy tee suggested 


proceaLT^ are discussed below. 


2.5; O'X.iparision of Eesults 

digital couputer progran for tee above procedure is 

proparod and tee conplete perfornance characteristic of the 
naciiine is obtained. For the purpose cf comparing the 
results with tee experimental values, a single phase capacitor 
start induction motor is chosen for the study. The details of 
the machine are given below* 

230 ?, 1<^, .25 hp 


RJ » 9.63.^. » 15.7.0. Xj^«100XV 

The above parameters of tee machine are obtained from the 
usuatl teste* The auxiliary winding is disconnected after 
starting tee machine. The speed-torque oharaoteristio of the 
oaohin© cbtaiaed using tee sdjove procedure is shown in Fig. 
2«5* 3!hs experimental vaJLu^ are narked In the figure, tee 
results" obtained tising^^tee state apace procedure discussed in 










•oWt 


'6 VOLTAGE AND CURRENT WAVEFi 
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I’he snail deviation of the experioontal results froa 
the an.ajtical values may be due to the error involved in 

the r.eo,suring procedures and the error in the parameters used 
for the analysis. 

2.6 Conclusion 

A harmonic analysis method suitable for phase controlled 
single phase machine has been developed in this chapter. Jhe 
method iterates only on one variable instead on two. ihe 
performance characteristic of the system is obtained using the 
steady state harmonic equivalent circuits of the machine. Ihe 
analytical results are compared with experimental values. 



GBAtrm. 5 


PiiASijJ JOi'J-MOIiLED THSJB PiBlSB mUOTION 

MOl’Ofi 


5*1 liitroduotion 


As diecuasod in the introductory chapter, the aimplest, 
moet ooonomioal and most straight forward method of varying 
tho spood -torque characteristic of small and medium power 
induction motors which drive variable torque loads like fane 
and pumps is by adjixsting the effective r.m*s, value of the 
voltage applied to the stator using phase controlled SOfis* 
Phase controlled SOfis o&xl b© used in different circuit confi- 
gurations. fhe various oirouit configurations demonstrated 
in [5] are given in Fig* fhe analysis of these circuits 



is quit© oomplioated because, of the reason that the current 
aero last'aats and the that may come across the open 

oirouitad stator phase due to the rotor 'iirrmts are not known 
initially. In [6]^ ah attSm^t-'has been made for the exact 

\ i'. ' 

analysis of a delta - oonneoted. system which .uses a pair of' 
SOfis ooaneoted ^ in^^ but ^ however ,1h e 


fo3P the '''solution 

r; O'f :>aok‘^to*^baok connected'' S, 

rnn^'ln 'OIjpouI#? of'^Fig. 5«i* 












CIRCUIT 1 


CIRCUIT 3 


CIRCUIT 4 


CIRCUIT 5 


CIRCUIT 6' 








CIRCUIT 8 
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connected system with thyristors in antiparallel in each 
line has been investigated. Ihe analysis of a star connected 
machine using state space techniques has been explained in 
[9]* A comparative study of circuits which use six thyristors 
in different configurations has been made in [lO], 


In this chapter a three diodes — three thyristors voltage 
control scheme is discussed in detail. Ihe configuration is 
shown in circuit 4 of Fig. 3 . 1 . This scheme uses one diode 
and one thyristor in antiparallel in each phase of the machine. 
The effective stator voltage of the machine is varied by 
adjusting the firing angle of the thyristors. The various 
modes of operation of the system are explained. The state 
spaoe procedure discussed in [ 3 ] is extended to the present 
study. A modified harmonic analysis method is also explained. 


3*2 Various Modes of Operation 



The B<heimtio diagram of the three diodes - three 
thyristors voltage control scheme is shown ih''’oirouit 4 of 
Fig* 3 * 1 * This soheme has the advantage of economy and wide 
range speed ^ oontroi* The stator voltage' osh* he controlled 
from rated .vslue hy^ adjusting the ^ firing angle of the 

thyristors. .^1© Jl^iislors; is measured 

sequanos of firing la 

■ " ■ — ' ; 

different modes of op 

^ 


'supply * ' The 
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Bpeod ;u ; firiixg anglo. Tii^ systeia voltages and cuments iiave 
taroo phase syrauiotry in both modes of operation. If the off 
period in the phase current of the machine is less than 
120 electrical degrees, the system is subject to three phase 
and single phase operations alternatively. When the system 
is in three phase operation, three devices conduct. It may 
be one thyristor and two diodes or two thyristors and one 
diode. Ihis happens during interval I in Fig. 5.2. During 
interval II in Fig, 3 , 2 » the system is subject to single 
phase operation where one thyristor and one diode conduct. 

Ihis mode of operation is oallai as 5/2 mode, Ihe other mode 
of operation occurs when the off period in the phase current 
of the ma<±tine is more than 120 electrical degrees. Here the 


machine is subject to single phase operation and complete 



isolation from supply terminals alternatively. During inter' 
val I in Fig. 3 . 3 # the maohin® is oomplotely isolated from 
the supply ter*inala arh during interval II the machine Is 
single phasing, '’'ihd mMi of operation is oalled as 2/0, mode 
In both ^thelmodesi- , of ..operation, three '’phai© "symmetry exists 

.... 4,... Y.. t".; „ , ,, , ... t 

* Y ' > ? ^ ‘ - r ■ ' ' .Y , .r. 

in" system ,TariTO|i®lfiyMi©'TdltsgeS' -and currents because of 


prooedure 












5.3 Space *iiiaXysis 


The state apaco analysis of the tayristor controlled 
ac iiiaoliinos cen be done in terras of the d~q axes variables 
fxxod in stator or rotor or in a frarae rotating at synchro- 
noaa spood with respect to stator 4 for the analysis of 
stator voltage contxt)!, it is convenient if the d-q axes 
variables are fixed in stator. The differential equations 

of the cm chine [ 5 J can be arranged in matrix form as shown 
below* 


r~ 

•y 


qs 


I 

1 “ 


V 

0 

0 


ds 


^s 

0 


■S. y. 


0 


r X 

•“■S 

^r 




0 


til} 


i* ' w 




0 


2 - X 

_ r , 
w 

r r 


qs 


“■ds 


^qr 

^dr 


( 3 . 1 ) 


where . V;,:'' ' ’ 

» speed of the rotor Xn el 0 ctrio,al rad/seo 

frequency of the ..l^pply in rad/seo 

, h' 

Equation C3*!) is expressed 'in perunit form. The actual 
stator__phwe ^.volt^|t':_^^d' .'Ourwts are related to the d-q 
variables as giT®i below 
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torque developed by the laaciiine is 


In equation (5,6) the variables are to be substituted 
unit. !Diie rated peak liiie-to-line voltage and rated ; 
current are chosen as the base quantities, Equation 
be rearranged as follows $ 


SyabolloaUy 


If the supply., phase 
phase b“-and.'ikifiii^' 










as given below 
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and ^ is already defined. 

Equation 3.14 can be represented symbolically as, 

^ » 4 . 2 , 

b) Single pJiase state 


( 5 . 14 ) 


( 3 . 15 ) 


( 5 * 16 ) 


Sb.© system is subject to single phase operation when 



on© of the machine phases gets open circuited due to delayed 
firing of thyristors. Iteen a particular phase of the machine 
is isolated from supply, the ooiresp ending phase current 
becomes zero and _^the imposition of this current zero in the 

' ' ‘"'’4' '‘f ■ 

nathemtioal^^^^^^^^bew^ problem.^^^^ _^|hie problem has ^ been 




scheme. If 






zero is imposed by equating v to the induced em£ 


Phase b and phase c of hh© machine are connected to the supply 
terminals. 


Substituting equations (3.20) and (3*21) in .(3.1) and 







Equatioji (3*22) can be written in coEipaot forni as 


Off state 


During off state, the madiine is completely disconnected 
from the supply. Since the phase currents of the machine are 
zero durii!ig this state of operation, the d—^i, axes currants 
vanish# ©it current zeros can be ^ imposed in the model by 
eq,uating d-<J axes voltages to the respective induced emfs 
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0 , 


0 

X 

I; 

0 

0 

0 

0 

0 


0 

0 


n 


0 

0 


0 


0 

0 




(3.25) 


0 

1 

0 

0 


( 3 - 24 ) 


Bquation (3*22) can be written in conpact form as 


Ji: - B X 


(3.25) 


c) Off state : 


During off state, the machine is completely disconnected 
from the supply. Since the phase currents of the machine are 
zero during this state of operation, the d-q axes currents 
vanish, The current zeros can be imposed in the model by 
equating d-q axes voltages to the respective induced emfs 


igr 


qs 


X, 


di’ 
qr 


'm d0 
di’ 


V 


ds 




dr 


d0 


( 3 . 26 ) 

(3.27) 


Substituting equations (3,26) and (3.27) in (3.I) 
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In state space form, 


i. = Ox 


( 3 . 28 ) 


(3.29) 


(3.30) 


3 . 3.1 Solution for 3/2 node j 

Every two firing instants are separated by 27 e/ 3 electrical 
radians. Referring to Pig. 3*2, the system is in single phase 
state from ® 2 * this period, phase a is disconne- 

cted from the supply. Duration of this interval is denoted 
as 6 . The system is subject to three phase operation from 
©2 to 0^. If the state of the system at ©^^ is denoted as 

x(©i), then the state of the system at ©g is given by 

(©o - ©i) S 

^(©g) * e x(G^ (3.31) 

= W5(0i) 


(3.32) 
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'fhe state of tlie systea at is given by 


( 2 % — 6 ) i 

x(9^) = e T - xCOg) 



o^— x(0-, ) 


(3.35) 

(3.34) 


Since the sy stein is having three phase synanetry, any two state 
VGctors separated by 2%/3 electrical degrees can be related by 
a connection matrix 1. This connection matrix is obtained 


as follows. 


In the d,q,,0 model 


i^g(0) =s Ij^ sin 0 and 

i^gCe) = cos 0 

+ ^ 20 °) 

= Ij- i sin e + ooB e] (3-35) 



Considering all the six state variables i^p» 

and Bg, the 2, tiatrix becomes, 
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“i ^3/2 0 0 0 0 

'-V‘3/2 0 0 0 0 

0 0-1- f3/2 0 0 

0 0 -f3/2 0 0 

0 0 0 0 -^ ^"5/2 

0 0 0 0 -V3/2 -i 


The state vectors 2,(9^) and ^i^j) are related as 

x(9^) - 1 £ (9^) 

From equations (3*34) and (3.39), 

~ 6) A ^ 

Ct - e 5 e ] 2 (93_) 0 

Equation (3. 40) can be written as 


= 0 


£1 

^2 i 




H 

£4 




From equation {3,41)» 


£2 S(ei) 


-1 
L 

q E C9j_) 


Since * 0» 


Ei(9i) 

that Is, =» 


Q B. (9,) + Q,p E (9,) = 0 

' mJmt w mm - ^iiMm *Jtm 9^0. «f 4 Ui 

Q. 


(3.38) 


follows 

(3-39) 


(3 •40) 


( 3 . 41 ) 


(3.42) 


(3.43) 
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ill ( 0 ) Q 

Therefore, = tan(0^) = - q 


12 


11 


0 - 


— ijciii ( * 


Q 


12 ^ 


Q 


11 


(5.46) 


Oncu the instant of current zero 9, is computed, the 


initial state vector x(9^) can be obtained using equations 
(5.42), (5.44) and (3«45)* Having obtained the initial state 
vector, the complete solution can be computed using equations 
(5.16) and (3 *25)* Equation (3.6) gives instantaneous torque 
develoved by the machine for the given slip and off period 6, 
The average torque is obtained using the numerical technique* 


3*3*2 Solution for 2/0 mode t 


This mode of operation occurs when the off period in the 
stator phase current is more than 120 electrical degrees. 

The phase currents of the machines for this mode of operation 
are shown in Fig. 3,3. In Fig. 3*3, the system is subject to 
off state from 0^^ to ©g and to single phase state from ©g to 
©^. How an equation similar to (3,40) is obtained using 
equations (3.25), (3»30) and (3*3$^) Bud is given below 



{% - 6)B (6 - 27i:/3)0 

^ © 1 lC% ) = 2 


(3.47) 


The initial state vector and the complete solution are obtained 
using equations (3*25), (5.50) and (3*47 ). The speed torque 
characteristic of' the machiine is obtained for various 

values of 6 and it is given in Fig* 3.4, 
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5.4 Method of Harnonic iinalysis 

The harmonic analysis method can be applied to all 
thyristor controlled machine problems. Is explained in 
Chapter 2 for the analysis of single phase motor, the voltage 
waveform applied to the stator phase of the machine is resolved 
into Several harmonic components and the resultant machine 
current and performance characteristic of the system are 
obtained using the harmonic equivalent circuits. The stator 
voltage waveform must be defined fully for the entire cycle. 
However, the stator voltage waveforms are not defined completely 
because of the unknown current zero instants and induced emf 
during the off period. In [7] iflterative techniques are 
employed to solve for these unknown values* The practical 
waveform obtained from the actual system is used for the 
harmonic analysis in [ll]. The iterative method discussed in 
Chapter 2 did not yield satisfactory results when applied to 
the present analysis. Therefore, in the present study, the 
current zero instants and induced emfs are obtained using the 
state space procedure and these informations are used in 
obtaining the harmonic components of the stator voltage wave- 
form. No iteratioi. on the off period or iMuced emf is made. 

In the state space procedure, the instantaneous torque 
developed by the machine is computed and the average torque is 
obtained using a numerical technique, whereas in the present 
method the average torque is calculated easily using the 
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harmonic equivalent circuits. Therefore, this method makes 
use of the advantage of both state space technique and 
harmonic equivaleht circuit of the xiachine. The main advan- 
ta-ge of this procedure is that the frequency dependency of 
the riachiiio parameters can be easily taken into account. 

This is explained in the next chapter. 

Considering the 3/2 mode of operation, phase a of the 
machine is disconnected from the supply from to ©2 

shown in Pig, 3 . 2 , SCR 1 is triggered at (2) and the system 
enters into three phase operation. The three phase operation 
continues upto ( 3 ) when diode turns off. In between ( 3 ) and 
( 4 ) phase b gets open circuited. At ( 4 ) SCR 2 is turned on 
and the system experience three phase operation until ( 5 ) when 
diode stops conduction. From (5) to ( 6 ) the system is 
single phasing and enters into three phase state at ( 6 ), The 
three phase state exists upto ( 7 ) when diode goes to off 

state and the above cycle of operation repeats. Now the 
line-to-line voltage v^^ appearing across the machine terminals 
can be defined as follows 

^ab *= ®l(®> • ®1^ ® < ®i + ^ 

= ^3 \ sin (0 + Tt/6) 54 ® 

« SgC©) ® 6 + ©1 

* V3 sin(0 4- Tt/6) ^ + 6 + ©3^4© 4 2ie + 0j_ (3*48) 







Upper ‘trace t Lin e-^t online iroltage» 

.67 I'. U. /division ^ ^ 

Lower trace j Line currei^t, 1 I .U. /division 


(b). 2/0 wodo ' ' 

Upper, .trace I Liae-to*line voltage 

' ' ,6T l.U.Vdivioioii 

■ Lower 'trace i Line oarr«at,'l p.U./dlvifiion 

Ilg#"'5*6. 'OecllXc^ripe defflonetratiag different eodeB of 
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IT 


n=l,4,7 


« « 





n=2,5. 


T. 2 

(ist) 

2 


♦ • 



(5.53) 


T>ig nse,-.itiTe liarnonics produce braking torque and so -'Ve sign 
is introduced in the above equation, 

3.5 Experimental Observations 

The practical test of the three diodes - three thyristors 
voltage control scheme was carried out on a slip ring madiine. 
The details of the test machine are given below 

3 HP, 1400 rpm, 400 V slip ring machine 
= 1.765 Ohms 2^^ = 3,0 Ohms 
R2 = 4.52 Ohms = 3.0 Ohms 
= 650 Ohms 

The machine parameters are obtained using the ustml short 
circuit and open circuit tests. The two different modes of 
operation of the system are observed and the sample oscillo- 
grams for both the modes of operation are given in Fig. 3.6. 
These waveforms agree with the analitioal results given in 
Fig. 3,7. The experimental values of the speed torque cha- 
racteristic of the machine are also marked in Fig. 3.4. 

3.6 Conclusion 

The stator voltage control of three phase induction 
motor using one thyristor and one diode connected in anti- 
parallel in each line has been studied in this chapter. The 
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various possible inodes of operation of the sjrstem are discussed, 

ii. state space procedure and a modified harmonic analysis method 
are developed to obtain the performance characteristic of the 
machine. The actual test was conducted on a slip ring machine 
and the oscillograms demonstrating the various modes of 
operation are shown. The analytical results of the machine are 
compared with the experimental observations. 



CHAPTER 4 


PRBQUEHCY DEPEroSHOT OP l-LpaHIHE PARiiMBTERS 
4,1 Introduction 

TJayristor controlled machines are fed with non- 
sinusoidal volt^es and currents. In the case of phase 
controlled induction motors, the effective voltage applied to 
each phase of the machine is controlled by adjusting the phase 
position of the firing puJ^es to SORs, As there is a definite 
off period in the current waveform due to the delayed firing 
of SCRs, the phase voltage waveforms are not smooth and are 
distorted. The amplitude of different harmonics which are 
present in these waveforms depends upon the circuit configura- 
tion used, the firing angle and other operating conditions 
of the mac±Line. In the case of single phase thyristor oontit)- 
lled machine discussed in Chapter 2, the voltage waveform 
applied to the machine terminals is having only odd harmonics. 
The even harmonics are absent because of the halfwave symmetry 
present in the voltage waveform. The voltage waveform of the 
three thyristors - three diodes system discussed in Chapter 3 
do have all nontriplen odd and even harmonics because the 
voltage waveform does not have halfwave symmetry and the 
neutral of the system is isolated. It is of interest to study 
the effects of theq# harmonics on the performance of the 
machine • 
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The macihine parameters vary with the harmonic content 9f 
the waveforms due to the following reasons [12] ; i) nonuniform 

current density distribution within the conductors of the 
machine winding and rotor bars, ii) increased leakage flux 
produced by harmonic currents, iii) saturation of magnetic 
paths due to harmonic leakage fluxes. The effective stator 
and rotor resistances of the machine increase and the magne- 
tising inductance decreases with the presence of harmonics 
in the input voltage waveform. Therefore the frequency 
dependency of the machine parameters must be included in the 
analysis of thyristor controlled machines. Two methods of 
analysis, i) state space method and ii) harmonic analysis 
method have been discussed in the previous chapters for the 
phase controlled induction motors. The state space method 
gives exact current and voltage waveforms with less computa- 
tional effort, but this method is not suitable to study the 
effects of frequency dependency of the machine parameters. 

The harmonic analysis method can conveniently take into account 
the effect of frequency dependency by substituting the appro- 
priate resistances and inductances in the respective harmonic 
equivalent circuits. This is the major advantage of harmonic 
equivalent circuit method [ 73 * 

In this diapter, an att@»pt is made to study the effects 
of the frequenqy iependency of the machine parameters on the 



59 


performoaico ctiaracteristic of the machine using harmonic 
equivalent circuits* Three thyristors «• three diodes confi- 
guration and six thyristors configuration are used for the 
study. 

4*2 Variation of Stator and Rotor Resistances with Rrequ^cy 


The study is made on the same slipring machine used for 

the performance study of three thyristors - three diodes system 

discussed in Chapter 3 . The effective stator and rotor rd^i*- 

stanco at different frequency of stator excitation was obtained 

as follows. The block rotor test was conducted at different 

frequency of excitation and the input power was noted. The 

effective equivalent resistances at the given frequency of 

2 

excitation is obtained by equating this power to I Req 
heat loss, R^^^ is the equivalent resistance of the machine 
looking from stator terminals with the rotor blocked* A few 
observations were made between 50 Hz; and 3 OO Hz, The ratio 
of stator to rotor resistance at the 50 Hz operation was 
obtained and the same ratio was used to divide the effective 


equivalent resistance into stator and rotor resistances at 
all other frequencies. It was observed that the variation 







fMfsm 
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4.3 Bf foots of Harmonics on Machine Inductances 

-It has been discussed in [12] that the leakage inductances 
of the machine decrease^ with the presence of harmonics. In the 
present analysis these values are assumed as constant as there 
was not much reduction in inductances observed in the range 

of frequencies considered for the blocked lotor test discussed 
in the previous section. Ihe magnetising inductance to funda- 
mental frequency excitation is also assumed to be unaltered by 
the presence of harmonics, 

4.4 Harmonic Equivalent Circuits and Harmonic Torques 

The fundamaatal frequenqsr equivalent circuit of the 
induction motor is shown in Pig. 4.2. The harmonic equivalent 
circuits can be simplified as follows : the slip of theixjtor 
to all of the haimonics is approximately equal to Unity, 
Therefore, tho harmonic equivalent circuit reduces to the form 
similar to the blocked rotor equivalent circuit for the parti- 
cular harmonics being considered. The approximate equivalent 
circuit is shown in Pig. 4,3. 

The nth harmonic machine current is given by 
- \ 

The developed torque for eac^ harmonic can be obtained using 
the following equation 
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dn 


= + 


p t 

n ^2k 
^ S 27tn,rL„ 

XI o 


Hm (4.2) 


where — ve sign is used for tlio backward revolving fields and 
+ve sign is used for forward fields. 

is the average torque for nth harmonic 
■^Ik phase stator resistance to nth harmonic 

^2k phase rotor resistance to nth harmonic 

referred to stator 

^Ik stator leakage inductance to nth hamonic 

is the rotor leakage inductance to nth harmonic 
referred to stator 

n^ is the synchronous speed corresponding to fundamental 
frequency excitation in r.p.s. 

The harmonic torques are quite small and are alterna- 
tively positive and negative as the order of possible harmonics 
increaso. Therefore the total effective harmonic torque is 
negligibly small. The interaction of every harmonic current 
with the air-gap flux of another harmonic will result in 
pulsating torques. In the case of three thyristors - three 
diodes case all nontriplen odd and even harmonics are present* 
Therefore, the lowest harmonic present in the system is third 
harmonic and is contributed by those harmonic rotor currents 
and air-gap fluxes whidh. differ in speed of rotation by three 
times the fundamental synchronous speed. 
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4,5 Throe thyristors - three Diodes System 


The modified harmonic analysis method discussed in 
Chapter 3 is used for the present study. The induced emf 
across tho open circuited machine phase is obtained using the 
state space techniques and fundamental frequency machine 
parameters. Then, the harmonic analysis is done on the voltage 
waveform appearing across the machine terminals, Assuming 
that the leakage inductances remain unaltered, the appropriate 
machine resistances are substituted in the harmonic equivalent 
circuits. The various harmonic currents are obtained using 
equation 4*1. The total average torque is obtained using the 
following equations. 



N 

1 


n=l,2,4» 


43k 

H^27tr)ng 


5n 


(4»5) 


whcro +ve sign is for +vc scquondc nnr^ -ve siiTn'for -vc sequence 
currents. 

The developed torques thus obtained at various slips and 
off periods are shovm in Eig, 4.4. The speed torque characte- 
ristic obtained without considering the frequency dependency is 
also shown in the figure. It is noted that when the off period 
is small the frequency dependency of the machine parameters do 
not have much but at larger there is some 

difference between the two charaoteristios. In the case of 
large EQ? squirrel macdiiaes laie rotor bar resictance may change 
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considerably with, the degree of distortion present in the 
input voltage waveform and for these cases the frequency 
dependency may affect the performance considerably, 

4.6 Six Thyristors Configuration 

Similar investigation is also carried out on the six 
thyristor oonfiguration shown in circuit 7 of Pig, 3#1. iHie 
induceed emf during off period is obtained using the state 
space technique and fundamaital frequency parameters. The 
harmonic analysis is carried out on the input voltage wave- 
form. The harmonic currents and torques are obtained using 
equations (4*1) and (4* 2). In this case nontriplen odd 
harmonics alone are present. The speed torque character is tics 
with and without frequency dependency are shown in Pig. 4.5# 

4.7 Conclusion 

An attempt has been made in this chapter to study the 
effect of frequency dependency of the machine parameters in 
the case of phase controlled systems. The test machine used 
for the study is a slipring machine. It is noted that there 
is not much diange in the speed torque characteristic at low 
values of off period, but the developed torque gets reduced 
at Target* values of off period. The procedure can be conve- 
niently extended to large squirrel cage machines where the 
rotor bar resistances and induotances may vary considerably 
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with distortions in input voltage and may affect the perfor- 
mance of the machine to a larger extent. For the squirrel 
cage machine also the induced emf necessary for the harmonic 
analysis may be obtained using the state space procedure 
and the fundamental frequen q7 machine parameters. 
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ITERATIVS METHOD APPLIED TO INVERTBR 
DRIVEN SYSTEMS 

5.1 Introduc1;ion 

As the speed of the induotion motors is decided mainly 
by the frequency of stator eroltation, variable frequency ao 
sources are being used for the vide range speed control of 
large pover ao drive systems. Ihe sources may be voltage or 
burrent oontrollable. Most of the present day drives are 
voltage fed. Heoently, current source inverters has become 
popular because of its regenerative capability, controllability. 
Simplicity and reliability. Some of the important problems 
associated with these drive systems are ! i) instability due 
to impreper ohoiaa. of system parameters [I3], u) increase in 
motor losses [12,14] and lli) steac^ state torque pulsations 
[15,16,17]. The problem of torque pulsations and increased 
losses are due to the presence of harmonics in the output of 
the inverters. The phenomaia of torque fluctuations has been 
analysed in [15] using d-q model of the machine. The single 
phase steady state equivalent olroult is used in [16] for the 
calculation of torque pulsations in voltage driven induotion 
motor drive systems. In this paper an ideal voltage source is 
assumed. It has beah shown in [16,17,18] -mat the single 
phase steady state equivalent circuit medel ip the simple and 
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convenient tool for studying the complete steady state perfor- 
mance of the machine. 

The presence of harmonic voltages in the machine phases 
introduces additional distortions in the output of the inverters 
Ihc dc link voltage and current have sixth multiples of 
sixth harmonic components. Since the sixth harmonic component 
is predominant it must be considered in the analysis. In C15] 
the input filter transients are included in the overall state 
space equations for the evaluation of steady state characteri- 
stics. The d,q,o model is used for the analysis. In this 
chapter, a simple and fast converging iterative procedure is 
explained using the steady state equivalent circuit foii the 
calculation of steady state average and pulsating torque for 
the inverter driven induction motor including the input filter 
transients. 

The method is applied to a voltage fed and a current fed 
drive systems. The iterative procedure estimates the amount of 
Sixth harmonic ripple present in the do link and includes its 
effect in calculating the performance characteristics , The 
Single phase steady state harmonic equivalent circuits are 

used for this purpose. The following are the assumptions made 
for the study. 

i) The commutation intersral pf the inverter is negligibly 
small.^, i 
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ii) The induction machine s star-*connect( d. If delta- 
connected, the machine windings can he represented by an 
equivalent star-connection. The effects of saturation in 

the machine can be taken into account by using the appropriate 
saturated magnetising reactance. 

iii) The rotor inertia is sufficiently large to minimize the 
speed fluctuations. 

iv) The machine parameters are constant for a given operating 
point. However, the frequenqy dependenqy of the parameters 
can be considered by substituting the appropriate values in 
the respective steady state harmonic equivalent circuit of 
induction machine, 

v) The input voltage to -the filter is assumed to be pure dc, 
5,2 Voltage Source Driven System 

5,2,1 System description 

The system considered for investigation is represented by 
the circuit diagram given in tig, 5.1. The system consists of 
a three phase controlled rectifier, an DO filter, a three phase 
inverter, and a three phase induction machine. The commutating 
components of the inverter are not shown in the circuit diagram. 
The output of the inverter is assumed as a six-stepped waveform. 
The r.m.s* Value of the output voltage waveform is adjusted by 
varying the firing .^^le of the controlled rectifier. The 
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freQ.uenoy of file stafor excitation is varied, by changing the 
frequency of the inverter, 

5.2»2 Prediction of do link current waveform 

In an ideal case, the input voltage of the inverter is 
a smooth dc and the output voltage is a stepped waveform 
free from fluctuations. However, for the present analysis 
the inverter input will have super imposed harmonic ripples. 

The presence of this ripple voltage is due to the flovJ- of 
harmonic currents generated in the induction machine throu^ 
the filter. The necessary explanation can be given as follows i 
The induction machine considered for the analysis is syimnetrical 
and is supplied with the voltage waveform which has •• . 5»7>dJL» 
13 th order haimonics. All triplen harmonics are absent 
because of neutral isolation, For fundamental and every other 
harmonic, the induction machine can be represented by the res- 
pective single phase steady state equivalent circuit shown in 
Fig, 5*2« The harmonic current flowing into the machine is 
obtained by the application of corresponding harmonic voltages 
to the respective equivalent circuit. The condition 
ia + ib + ic = 0 satisfied for all harmonic compo- 

nents Considering the fundamental components alone and 
"tbe condition given above, the waveform of the 
current in the dc link is obtained as shown in Fig, 5«3» ®his 
current waveform consists of a d.c, sixth harmonic and 




(o) Voltage woveforms free 
from fluctuations 


fundamental #QfiWne.;current 
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multiples of sixth harmonics components. Similarly, we 
consider the contribution to the dc and sixth haomionic by 
each of the harmonic machine current, The do and the sixth 
harmonic current caji be calculated using the following 
relations. 


let the current in phase »a' of the machine be 

^ slii(n9 + ♦ ) 

n-1,5,7 


From Figi 5.3t 
H 
. 1 . 


^ ns=i;5,7 ^ 


2%/3 

L /-x sin(n© + d© 




" n=l^,5^7'^’^3Tn + V + (5.1) 

N 2it/3 

6o “ ■T I^.siii(3ie + H'^) • 003 68 ae 

n— X f iD f / 

it/3 ^ _ 

U 31 ^ ^ cos(6+n^ + ooa(6+n^ + ipjj) 

= I ( 6+n ) ” (^+n } “*■ 

ii«l,5,7 


cosCfi-n^- - 4'^) oos(6-^ - )i»^) 




3 h' 
2it/3 






(5.2) 


6 s 


n^l,5,7 


.STS’/ Bin(ne + • sin 68 • ao 

n=l,5,7 ' n /3 

31 Bin(6-n^ - ♦ ) sin(^3^ - 'll ) sin(S+S% + ♦ ) 

“rt — (g-^ rs TS) • — + 

— Tsfer^? 


(5.3) 
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Tile resultant Sixth harmonic current is given by 

^6 “ f ®iii(69 + (5.4) 

where 

e = tan-i and Ig = /ig^2 + uegieotiag 

all other harmonic currents except the sixth harmonic, we 
get the resultant dc link current as 

^dc ^d (60 + ( 5 » 5 ) 

5.2.3 Iterative procedure to solve for the sixth harmonio 
Toltage 

In the present analysis, the main aim of the investigation 
ia the estimation of the sixth harmonic voltage component 
present in the input of the inverter and to consider its effect 
on the performance characteristic of the motor ezample sixth 
haimonio torque pulsation. Jhe iterative procedure explains 
how the estimation is done. The output voltage of the con- 
trolled rectifier ^en it is supplying a dc current of is 
given by the expression, 

■ 5/5 B _ 

« _ oog * “ f ^ % - % % (5.6) 

As explained in the previous section, the sixth harmonio 
voltage appears in the input voltage of the inverter due to 
the flow of sixth harmonic current through the filter. The 
sixth harmonic voltage Eg is given by 





78 


% 


I ^ 
6 ^+^2 


(6© + p») 


where X 


■ 1 ^^ 2 - 

= “j/6wO and = j6w L 


(5.7) 


Ihe d= ixnk voltage wavefo™, when the sixth hat^onio ripple 
alone is oonsidered. Is sho»n in Jig. 5 . 4 (a) and Jig. 5 . 4 (b) 

gives the corresponding phase a aaohlne voltage waveforn. Ihe 
firlhg angle of the controlled rectifier is chosen so that the 
amplitude Of the machine phase voltage without considering the 

ripple in the dc li^ divided by frequenc^y is constant, m 

otherwords, 2 /% (— . 

/ \ ^ ) cos a/f IS kept constant. The 

following is the iterative procedure. 

^Ghoose Assume Bg = 0 (E^- ^ 

Perform the harmonic analysis (Appendix 0) on the wavefoi 
She m. in Pig. 5.4(b). 

^1 = ^6 


3. 

4 • 


Calculate Ig, B^ and Bg using equations (5.1), (5,4), 
(5.6) and (5,7) . 

Ohedc tether lg>. Ig^ le less than or equal to a pre- 
assigned value, 

li the answer for step 5 is .TBS. go out of the loop. 
If *H0’ go to 2, 

Tte iterative procedure is simple and it converges very 

last. Ihe and Ig thus obtained are used to calculate the 
Sixth hansohic torque',';'^''-v:''’ 


6 , 

7. 
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The electromagaetic torque is produced because of the 
interaction between the air gap flux and rotor currents. The 
Sixth harmonic torque is generated when these two quantities 
differ in their frequency by six times the synchronous speed 
[16] . The total instantaneous sixth harmonic torque consi- 
dering upto 13th oixier harmonic is given by 


“ ^61 + ^62 ( 5 . 8 ) 

where 

®61 = + ?>Yli3 - 9^3!^ and 

®62 “ 

In the above equations and are the amplitude of the 
nth harmonic air gap flux and rotor current respectively. 
These are calculated from the steady state equivalent circuit 

for each harmonic* The amplitude of sixth harmonic torque is 
given by 

% * (5.9) 

The method is appliai to a system whose paranieters are given 
below [15] 
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The sixth harmonic tor"ue is calculated for various 
values of frequency and slip. Por the different operating 
conditions the average torque is also calculated using 
the equivalent circuit. The average torque is given hy 


I 


(5,10) 


The variatioh of sixth harmonic torque Tg with output power 
for different frequency of operation is plotted in Fig. 5.5* 
The sixth harmonic torque is significant when the machine is 
lightly loaded. For the present analysis it is assumed that 
the maohine speed is constant due to large inertia. A few 
solution points obtained using hybrid computer in [l5] are 
also marked in Fig. 5.5. In [15] both speed and voltage 
fluctuations are considered. In the method discussed above 
the commutation reactance drop and the dc voltage drop across 
the filter inductance are also considered. At every frequency 
of operation, to keep the air gap flux cxinstant * ( — 
cos a/f is kept constant. 

5.3 Ourrent Source Driven System 

5.3.1 System description 

The ourrent source inverter was introduced by ward Cl93 
in 1957. The interest towards current source inverters for 
drive applications is. due to the ease of protection, regenera- 


tive oapa‘|.jlliti^ _and,r|^ 
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drive system taicen for the presen-f- c,+„^ 

^ study IS given in Pig. 5.6. 

file system consists of a cont-mii ^ ' 

controlled rectifier, a dc link 

containing a smoothing reactor, a vari^bi. ^ 

^^^^able frequency three 
phase inverter and a three phasp 4-- 

^ ® induction motor. The con- 

trolled rectifier and the lar^-P t - i • , 

„ inductance together 

t.e ^.ent .ou.=e. 

controlled by adjusting the firing angle of , the controlled 
rectifier. Ihe do current Is converted Into three phase ao 

current and Is supplied to the .aohlne. fhe frequency of the 

output ac current is controller ^ 

y s-^jnsting the frequency of 

operation of the inverter. The lnTrpr.+c». 

me inverter uses autos equential 

commutation introduced by ¥ard Piol mu 

^ commutati2ag components 

are shown in Pig. 5,6. 

The current fed ac drive sve+t.r.0 u 

ystems have been discussed in 

literature [20 - 24]. file advantages o-p +v, 

- ®^^eges of the current fed 

induction motor variable speed drive boo u 

T- iias been explained in [20] . 

m L 21 J, current source driven a-trv,^u 

, ■ ynohronous motor drive has 

een discussed. A state space 

P oe procedure is discussed in [22! 

for induction motor drive tn eK-u . 

^ ® machine voltages and 

0 other performance characteristics, fhe performance of the 

current source driven Induction motor system has teen studied 

y sxmulatxng the drive system on the analog computer 

m oomparxng the results with Ihe actual system performance, 
cundary Value apprha^i,^.^^,,^ ^ ^ 

papers, for tiiO' anklysi^ >1' li, , 

■ been aBsumed that the 




■ 1 .'•’*)■ 




dc link current is ripple free. In the actual system sixth 
r/.and multiples of sixth harmonic currents are present. In 
this chapter, an iterative procedure is described to estimate 
the sixth harmonic ripple content using the single phase 

harmonic equivalent circuits of the induction motor, 

. i 

5 . 3.2 Prediction of dc link voltage waveform ; 

Ihe 120° current waveform given in Pig, 5.7 is assumed 
for the study. Only sixth harmonic ripple is considered. 

There are six different states in each cycle. The firing 
sequence of the thyristors is given as 1 and 5» 1 and 6, 

2 and 6, 2 and 4-» 3 and 3 and 5, 1 and 5, and so on. The 

machine terminals are brought to the dc side through the con- 
ducting thyristors in the following sequence: ab, ac, be, ba, | 
ca, cb, ab and so on. Por the given dc link current waveform, 
the voltage induced in each phase of the machine for every 
harmonic current can be calculated using the respective steady ; 
state harmonic equivalent circuit, fief erring to Pig. 5.7» the 
terminals a and b of the machine are oonnected to the do ter- 
minals for a duration of 60 electrical degrees in every cycle. 
Therefore, the dc voltage waveform during this period can be 
obtained considering the machine phase voltages. This voltage 
waveforms repeats six times in every cycle because of the 
symmetry in the machine voltages.. The triplen harmonic currents 
are absent because of neutral isolation. The expression for 
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average do link voltage is given below. 


V 


B 


- f3 Sin (0 + + %/S) + V5 "^5 siii (5Q + - %/6) + 

V "3 sin (70 + + %/6) + fj, sin (110 + a -, j - n/6) 

• and so (5*11) 

H n/2 

/ 




= I 
=1 


%/2 


- ^ [| / ^3 \ sin (n© + aj]L ± Tt/6) dO] 


1,5,7 


Tl /6 


J ■*■ “n i sos(ii^ “n ^ ^ n 

= I n ^ + n ^ 

1,5,7 (5:12) 

where is the per phase voltage (maximinn) obtained from the 
nth harmonic equivalent circuit and n takes values 1,5,7,11 
and 15 , is the phase angle of the nth harmonic voltage 
+ 71/6 is used for positive sequence harmonics like 1 , 7,13 ©‘tb 
- 'll: /6 is used for negative sequence harmonics like 5,11 etc. 
The sixth harmonic voltage for the given current waveform is 

obtained using the following expressions. 

I it/2 

Egg = I ^ I f3 \ sin (n© + ± %/S) sin 6© • d© 


^n7u 


B 

I 

n=l,5,7 


5^3 IT 

— — - / [ cos (6~n© - - it/6) - 

%/S 


cos (6+n © + a, 


n 


d© 
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U sin(6*«i Q - + %/6) 

^ frr ^ 


n a,5,7 


Tt 


(S-n) 

sin(6+n 6 + i it/6) %/2 
(T+n) ^it/S 


N 3f3 V sin(6-ii %/2 - oc^+ %/6) 

n=l! 5 , 7 ~ ^ 


sin(6--n. %/6 - + 'tc/S) sin(^n %/2 + <x^ ± %/6) 

(6--n) ^ (6+n) 

sin (6+-n %/6 + cc^ ±ti/6) 


(6+n) 


-3 


(5*13 ) 


IT 


B 


% /2 


5 o = I “ / ^3 \ sin(nG + ± -rt/e) oos 6© • d© 

n=l,5,7 

f 31^3 T 72 

_ ^ — j [sin(6+n© + ± %/S) - 

n=l,5,7 ^ %/S ^ 


sin(6--n 9 - - %/S)] d© 


? 3f3 7 cos (6+n © + i %/6 ) 

n=l^,5,7 


cos(6--n © -- ^ %/S) 


+ 






IT 

n=l,5»7 


3^3 7^ r cos (6+n %/2 + «„ ± %/S) 


It; 


-[ 




n 


oos(6+n %/2 + ±, 7t/6) cos(6-n tt/2 - ^ %/S) 

+ ’j^y- 


B 


6 


oos(6-n %/S - a i ti:/6) 
= /b?„ + sin(6 © + y) 


6s "60 
+ 1 : 


( 5 . 14 ) 

(5.15) 


where Y = tan 
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Equations (5.12) and (5.15) give and Eg for a given 
do current. The sixth harmonic ripple content of the de 
link current waveform of a given dc value is estimated hy the 
following iterative procedure. 

5.5.3 Iterative procedure for the estimation of sixth harmoni 
dc link current 

The iterative procedure follows the following steps. 


1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 
9. 


Choose 

Assume Ig = 0 

Perform the harmonic analysis (Appendix D) 

Bind out E^ and Eg using equations 5.12 and 5.15 


'61 


B. 


Calculate Ig (Ig = where Zg is the impedance to 

sixth harmonic current by the smoothing reactor. 
Check whether (*Igj_ - Ig) is less than or equal to a 
pre~assigned value. 

If step 7 says ’IBS’ go out of the loop 
If step 7 says ’NO* go to 3 


the 


The procedure is simple and fast converging. The method 
is applied to an example taken from [ 25] . The data given in 
the example are ; 


= .014 ohm R^ = ,116 ohm = ,32 mh 
II = ,61 mh I ’ =s)98.,,0.|||. dc link choke = 4*2 mh 

£m ^ ' XU * * 
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For the purpose of comparis^5a, the operating point chosen in 

[ 23 ] is considered for the present study also. The steady 

state operating point is defined as : slip frequency = ,85 Hz, 

machine line frequency = 52.85 Hz and the dc link current 

= 100 A. The dc link voltage for the above operating point is 

calculated using the present method. It is approximately equal 

to 181,6 volts. The value obtained using aneJLog computer in 

the reference paper is 180,0, There is close agreement. Fig, 

5.8 gives the line ab voltage waveforms of the machine at two 

different frequencies. The dc value of the dc link current and ^ 

the slip of the machine are kept constant. The voltage spikes j 

which are present in the actual line a-b voltage waveform due ? 

to switching are absent in Fig, 5.8. The line a-b voltage i 

is sinusoidal for frequency of operation around 10 Hz, There i 

are more fluctuations in line a-b voltage waveform around 60 Hz i 

operation for the same dc current. Fig, 5.9 gives the voltage I 

waveform at the input side of the inverter. It is for the same 

operating point given above. The sixth harmonic voltage ampli- ; 

tude in the above waveform is found out as 18.06 volts. It is 
■ ■ ■■■ . • } 
9.95 percent of the dc value. The sixth harmonic current is ! 

'm i 

ig , ■ ■ 

calculated using the relation ~ it comes to 2,15 . 

6 

It is 2 . 155 ^ of the given dc value, With the decrease of 
frequency, the harmonic content increases and becomes 9.2 per- 
cent at 10 Hz operation. So it becomes significant to warrant 
consideration in obtaining the steady state performance at low 
frequencies. 






— 


- :*-:--v:/ 








Id;) Line a-b voltage waveform at 10 H:.’ 
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5.4 Oon elusion 

In loth voltage and current source driven systems, the 
sixth harmonic ripple contents are present in the dc link 
A simple and fast converging iterative procedure has been 
explained in this chapter for the estimation of these quanti- 
ties, The method is applied to suitable examples and it has 
been noted that the percentage of sixth harmonic components 
becomes appreciable at low frequency operations. The various 
voltage waveforms computed using the suggested procedure are 
also shown. 



CHAPTER 6 


SPEED COHTROI USIEG PHilSB OOETROHiBD 
RESISTANCE IN THE PlOTOR 

6.1 Introduction 

The rotor power control and rotor impedance control 
methods [25,26,27] give wide range speed variation for woxind 
rotor induction motors. The rotor power control method is quitei 
efficient and gives satisfactory variable speed-torque character] 
Stic, but 1±Le speed control system is expensive because it 
involves a considerable amount of auxiliary equipments. Compa- 
ratively simpler and economical speed control schemes c^n. be 
realized by employing rotor impedance control technique. The | 
speed-torque characteristic of the wound rotor machine can be j 
varied by controlling the effective resistance included in the 
rotor circuit. In the conventional scheme, the rotor impedance 
is varied by adjusting the external resistance included in the 
rotor circuit. This scheme provides high starting torque, low 
starting current and wide speed variation, but the drawback 
of the conventional scheme is that the speed variation is not 
continuous and it is not suitable for closed loop operations. 

With the development of power semiconductor technology, 
it has become possible to have continuous and contactless 
control over the effective impedance included in the rotor 
circuit of the wound rotor induction motors., A few attempts 
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have been made recently to use SOR circuits in various 
configurations in the rotor of the machine for wide range 
speed control [28,29»50,3l,32] . In [28], a pair of SCRs 
connected in antiparallel is placed in series with each phase . 

of the rotor circuit to control the effective impedance. The , 

speed variation is achieved by adjusting the firing angle of ; 

i 

the phase controlled SGRs, The chopper controlled resistance i 
method of speed control has been discussed in [29, 50]. In 
the chopper controlled schemes the rotor power is rectified 
using a diode bridge and fed to the chopper controlled exter- 
nal resistance. The chopper is connected across the external 
resistance. When the chopper is OH the effective resistance ' 
included in the circuit is zero and when it is OFF the entire | 
external resistance comes into the rotor circuit. The chopper 
is periodically regulated by a control module which in every 
chopper period keeps the chopper OH for a definite duration | 

and OFF for the rest of the period. The effective rotor impe— | 

! 

dance is varied by adjusting the duty cycle of the chopper, j 

Thus a continuous and contactless control over the effective rotoi 
impedance is achieved. In [29] a thorough analysis on a chopper 
controlled scheme in open loop mode has been done using do and 
ac equivalent circuits. The closed loop performance of the 
chopper controlled scheme has been investigated in [ 50 ]. 
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In tile present chapter a phase controlled resistance method 
of speed control is discussed. In this scheme, the rotor power 
is fed to the external resistance through a controlled bridge. 

A smoothing choke is used in the dc side to keep the do currQit 
continuous. The effective rotor impedance is controlled by 
adjusting the firing angle of the controlled rectifier. The 
scheme is simple and economical for low and medium power s$>pli— 
cations. However, the analysis of this scheme is not simple 
because the instant at which the conducting SCR goes off is not 
known apriori. In this chapter a closed form solution for the 
present problem is obtained using state space techniques [ 51 ]. 

The state variables used in Ihe mathematical model are the 
actual rotor variables and the suggested procedure completely 
avoids iterations. The procedure solves for the current 
zero instants and then obtains the initial state vector. Once 
the initial state vector is known, the per phase 2?otor current 
waveform and the developed torque can be calculated easily,. A 
simplified ac equivalent circuit suitable for the present 
scheme is also developed in this chapter# The analytical results 
obtained by the above procedures are compared with the experi- 
mental values given in [32], 

A half controlled bridge can also be used for this control 
as there is no power reversal through the bridge. Since the 
experimental results wsr© . available for the machine with a fully 
controlled bridge circuit M the rotor, the present analysis is 
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done for a fully controlled bridge circuit. However, the 
same method of analysis can be extended to motor speed control 
with half controlled bridge. 

The following are the assumptions made for the study. 

I 

1. The machine parameters are assumed constant 

2. The voltage drop across the stator winding due to stator 
harmonics is negligible 

■ ■ , ' ^ ■ 

5. The distortion in the aij;* gap flux wave is negligible ; 

4. The forward drop across the SCRs is negligibly small 

5. The rotor induced emfs are balanced 

6. The rotor inertia is sufficiently large to smoothen the 

speed fluctuations. j 

6.2 System Representation 

The schematic diagram of the present system is shown in 
Rig. 6.1, It concists of a three phase fully controlled bridge, 
a smoothing choke i and an external resistance R, The rotor 
phases of the three phase induction motor is connected to the 
input terminals of the controlled rectifier. The smoothing 
choke is sufficiently large to keep the do current continuous. 

The equivalent circuit used for the analysis is the per phase 
equivalent circuit with parameters referred to secondary. The 
same equivalent circuit is used in [29,50] for the study of 
chopper controlled systems. The equivalent circuit is shown in 
Pig, 6. 2-* The parameters ' ' circuit can be 
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obtained by conducting the short circuit and open circuit tests 
on the laa chine. The induced rotor voltages and v^ are 

sinusoidal and are displaced from each other by 120 electrical 
degrees. The system now reduces essentially to a three phase 
thyristor converter system with large source impedance. The 
operation of the thyristor converter system is reviewed in Idle 
following section, 

6*3 Operation of the Converter System-Review 


The operation of the converter system shown in Fig, 6,2 
is similar to that of conventional bridge. The induced rotor 
voltages and v^ are shown in Fig. 6 . 3 . The firing angle 

a of the controlled bridge is measured from the 30 ° point of 
the voltage waveform. The firing angle is controlled using 
suitable control circuits. Referring to Fig, 6,2, phase a of the 
rotor is connected to thyristors 1 and 4 of the bridge. Thyri- 
stor 1 is fired when the phase a voltage is positive and thyristor 
4 is fired when phase a is becoming negative. The firing sequence 
of the thyristors is given as Tl, T6, T2, T4, T 3 , T5» T1 and so 
on. The actual source impedance of the present system varies 
with speed. The effective per phase source resistance is the 
summation of slip times the stator resistance referred to ixjtor 


and the per phase rotor resistance. The effective source 
reactance is slip times the-^tal standstill reactance of the 
machine referred to sec^^^dl^l conduction period of each 


SCR varies from zero 


.... . '“.r 


electrical degrees 




HH 
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depending upon speed and firing angle, the do currsit is 

continuous a minimum of 2 SORs conduct at any time. The 
transfer of load current from outgoing SCR to incoming SCR 
can tahe place instantaneously only if the source reactance 
is negligibly small. With the presence of source reactance, 
the current transfer does not take place instantaneously, hut 
it takes definite time decided hy speed and firing angle. This 

interval of current transfer is known as commutation interval 

. 

or overlap period . In the normal operation of the bridge, 

in between successive triggerings, three SCRs conduct during 

the commutation interval and two SCRs conduct during the rest 

of the period. The commutation interval varies from 2iero to 

a maximum of 60 electrical degrees in the normal operation of 

the bridge. If the commutation interval exceeds beyond 60*^, 

' ■’ . i 

four SCRs conduction will occur and this results in periodic 

short circuits across the ac terminals. This mode of operation 

is normally avoided. In the present analysis only 3 SGR and 2 SCE; 

conductions are considered. 

■ . ' ' " ' ' ' ' ' . ■ ■ ■ ' ■, , ■ . ■ ■ ' ' ' . ’ ■ : ■■ :■ 

■ ■ ! 

■ ■ I 

6.4 state Space Analysis 

6,4*1 Modes of operation | 

i 

The system may be subject to three different states 
depending upon the operating conditions. They are (i) three 
phase state, (ii) single phase state, and (iii) off state. 

The three phase state occurs -sdaen all the three rotor phases 
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carry ciirrent and the system is said to be single phasing when 

one of the rotor phases gets open circuited* The system is 

subject to off state when the three rotor phase currents are zero. 

If the smoothing choke is sufficiently large, the system will 

never be put into off state. When the dc current is continuous 

o 

and the commutation interval is less than 60 , the system will 
alternate between three phase state and single phase state. 

During the commutation period three SORs conduct and all the 
three rotor phases carry current. Immediately after the commu- 
tation interval the system is single phasing -until the next 
SOR is turned ON. Since three SCR conduction and two SGR 
conduction occur alternatively, this mode of operation is known 
as 3/2 mode of operation. The SOR conduction occurs in the 
following sequence j T 3 T 5 , TIT 3 T 5 , T1T5, T1T5T6, T1T6, T1T2T6, T2T6, 
T2T4T6, T2T4» 12T3T4, 13^4, T 3 T 4 T 5 , 1315 and so on. Iherefore 
there are totally six three phase states and six single phase 
states occur in every cycle of operation. Ihe complete perfor- 
mance characteristic of the system can be obtained if the rotor 
current is known for one complete cycle. It is assumed that the 
rotor induced emfs are having three phase symmetry. Because of 
the symmetry in firing sequence, the rotor phase currents are 
also similar with equal phase displacement and halfwave symmetry. 
When the system variables are having three phase symmetry and 
halfwave, symmetry, it ii suffic^Siit if rotor currents are 
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solved for only 60 electrical, degrees, that is, one sixth of 
a cycle , 'Ihe mathematical model used for the present analysis 
is derived in the following sections, 

6 , 4.2 Three thyristor conduction 


Referring to Pig, 6,3, Tl, T3 and T 5 conduct for the 

duration }i, the commutation interval when the system is in three 

phase operation. This is the interval I in Pigi 6*3, During this 

interval all the three rotor phases carry current* The rotor 

phases a and c are shorted and brought to phase b through the 

dc side choke and external resistance. The equivalent circuit 

of the system reduces to the form shown in Pig* 6*4, The 

differential equation of the system can be written as follows i 

, di 

Vab = + ^ 2 ^ ^a ^®^1 d^ ■" ^2 + “ 

di. 


(s2' + SZ2 + X) 


d© 


( 6 . 1 ) 


di. 


di^ 


(sXi + sxp 

di 

’^oa ^ ^ + ®^2^ as 


( 6 . 2 ) 


a 


di 


(sxi + sxp ^ 

Subtracting equation (6,2) from equation (6,3), 


( 6 . 5 ) 


V 


oa 


V. 


di^ 

bo - -(®®1 + S2)ia - de^ - + «2 + 

dL di 

D / ^ y*\ * t . ^ \ ^ 


(sXj^ + SX2 +.X) ^ + ( 2 sRj_ + 2R2)io + ( 2 sXj_ + 2SX2) ^ (6.4) 
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As tile summation of rotor currents is zero at any instant of time, 

di 


^0 = W 


di^ di-^ 
“^dO” d'o'' ^ 


Substituting the above conditions in equation ( 6 , 4 ), 

di 


V - V, 

ca be 


-(SR£ + Eg)!^ - (alj; + sXg) - {sE^ + Rj + E)i^, 


di. 


(sZ^ + sZo + Z) 
di 


T >-’■‘^2 (jQ ( 2sR£ + 2R2)^g_ “ (2sRJ^ + 2R2)i-jj ~ 


di. 


(2sZ£ + 28 Z 2 ) ^ - ( 2 sZj_ + 2 SZ 2 ) 

di 

= -3(sRj_ + R 2 )i^ - 3s(Zj_ + ^ 2 )^ - (3sRj_ + 3 R 2 + 

di, 

(3sZj_ + 3 SZ 2 + Z) ^ 
where Z = s 2 'n;fL 


(6.5) 


( 6 . 6 ) 


Substituting = v^^ and in equations ( 6 . 1 ) and 

( 6 . 6 ) 

di 

= (sRi f R2)i^ + s(Zi + Z2)^ - (SR. + R^ + R)i^ - 


di. 


(sZj_ + SZ 2 + 2) ^ 
di 

= -3(sRi + R2)i^ - 3s(Zi + Z2)^ - (3BRi h jRa^b 

(3sZ4 4- 3sZ„ + Z)^H 

d0 


(6.7) 


( 6 . 8 ) 


As the rotor induced emfs are having three phase symmetiry, the 
line-to-line rotor induced emfs can be written as, 


^ab 

II 

sin 

Q 

^bc 

II 

sin 

(e 


II 

? v is 
m ’ 

tin 
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111 or ef ore V^(6) = = 7^ sin Q (6. 9) 

and "" ^ca “ "^bc "" \ °°® ® (6.10) 

wile re © = s2'n:f 

Differentiating equations (6,9) and (6,10) with respect to .0, 
d7 (0) 

j Q ~ 7 cos 0 

0.0 HI 

= l/f3 72(©) 

d7.(0) 

dT = “^5 \ sin 0 

= -f3 v^(e) 

that is* 7^(0) and 72 ( 0 ) can be written in differential form 
as follows , 

d7p(0) 

7^,(0) = -l/f3 (6.11) 

d7 ■(©) 

Y^(9) = y3 • (6.12) 

Equations (6.7) » (6,8), (6,11) and (6,12) can be arranged in 
matrix forms as follows : 



+ Bz^y 
+ 3SZ2) 


(sX£ + aZ^ + Z) 0 

(5sZj_+3sX2 + X) 0 

O 1 

0 0 



contd, . • 
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(sRJ!^ + Evj + E.) 
(3SR»_ +3^2 + 

0 

0 

Symbolically, 

A X = B z 
± B X 

& = 0 X 



1 0 

0 1 

° rl 

-f 3 0 


( 6 . 14 ) 



Equation ( 6 . 14 ) represents the system when it is in three phase 
operation during interval I in Pig. 6.3. The mathematical model 
for two thyristor conduction is derived in the next section. 

I ■ 

6.4,3 Two thyristor conduction 


During inyerval II in Fig, 6,3 thyristors T^ and T^ 
conduct. The duration of this interval is (11/3 ~ 41) radians. 
Phase c of the rotor gets open circuited during this interval. 
Phases a and b are connected through the smoothing choke I» and 
external resistance E.. The equivalent circuit of the system 
can now be redrawn as shown in Fig. 6 . 5 . Ike differential 


equation of the system is written down as 

,di 

Vi = = (sfl. + Eg) + (sxi + sZg) ^ - (sRi + Eg + E) 

di-. 

- (sJ^ + sZ^ + X) (6.15) 


2 ' ^a 
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Since phase c is disconnected from the bridge, the phase c 
current is zero during this interval-. Now the problem is to 
impose this current zero condition in the mathematical model. 

In [3] t this is imposed by applying a voltage equal to the 
induced emf across the open circuited ijhase. In the present 
study an alternative procedure is followed. When phase c is ; 

■ I 
. ii 

open, the other two phase currents and their derivatives are 

■ ' ; i 

equal and opposite to each other. Therefore one more differen- ' 

tial equation is available and is made use of in the model. i 

di div 

That is, (6.16) 

Equations (6.11), (6.12), (6.15) and (6.16) can be arranged in 
matrix form as follows 1 


~(sXj_ + SZ 2 ) ~ (sXJ_ 

+ SZ 2 + I) 

0 

0 


di 

a 

i 

■ ■ . ' ' ■ i 






d0 

1 

1 

1 

0 

0 


d9 

1 

. ■ ■ ■ i 






dV^ 

, — 1 

0 

0 

1 

0 


iS ~ 

1 






av. 


0 

0 

0 

1 


W - 


“-(sR£ + Rg) + (sR£ 

+ R 2 + R) 

1 

0 i 




0 

0 

0 

0 ^ 




0 

0 

0 

1 

f3 


h 


0 

0 


0 


I 2 . 

(6.17) 
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Syiabo li cally , 


n ± = B X 
:x = B^Bx 

X = B X (6,18) 

Equations (6,18) represents the system -wiien it is single 
phasing during interval II in Pig. 6,3, 

6,4,4 State space solution 

The present problem can be dedfined as follows : G-iven 
the commutation interval and speed of the machine, the 
firing angle of the thyristors and the rotor per phase current 
waveform are to be obtained. The performance characteristic 
of the system can be easily obtained once the rotor current 
waveform is known. The first step in the state space analysis 
is to solve for the initial state vector using the system 
symmetry. The system symmetry also simplifies the computational 
effort required to obtain the complete rotor current waveform 
The positive lobe of the rotor current is similar to the 
negative lobe. This property can bo represented mathematically 
as follows, 

i (0) = -i (© +• It) 
i^(0) = “1^(0 -h 7i) 


(6.19) 

( 6 . 20 ) 
( 6 . 21 ) 



The three phase symmetry of the rotor current waveform can be 


written down mathematically as follows, 

i^(0 + it/5) = (6.22) 

i ^(9 + -rt/^) = i^(© + %) (6.23) 

i^(© + 7 t/ 3 ) = i ^(9 + It) (6,24) 

Substituting equations (6.22) to (6*24) in equations (6.19) to 

( 6 . 21 ), 

i^(© + 7t/3) = -ib(©) (6.25) 

+ n/3) -= (6.26) 

1^(0 + n/3) = “i^(©) (6.27) 

Since i. is not taken as a state variable, equations (6.26) is 

rewritten in terms of i^ and i, . 

a D 

i^(© + 7t/3) = -iQ(©) 

= i^C©) + (6.28) 


The state variables chosen for the analysis are i , i, , and 
"'^2* ^1 ^2 been already defined. The relations similar 

to (6.25) to (6.27) can now be obtained for the variables 
and as follows 

7^(© + 7t/3) == v^^(© + 7t/3) 

“^bc (0), following the notations 

in equations (6.25) - (6.27) 
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Adding equations (6.9) and (6,10), 

That is -2 v^q(©) = V^(e) + ¥^(0) 

^bc(®) = -^ ^ 1 ^®) " ^ ^'^ 2 ^®^ 

That is, 7^(9 + %/3) = i 7^(9) + i 7^(9) (6.30) 

72(9 + it/3) = ^Qa^® *“ ^bc^® 

7^ (9 + it/ 3 ) = ^oa^®^ 

Substituting equation (6.9) from equation ( 6 , 10 ), 

- ^ab(») = - h(S> 

2Voa{«) = VgO) - Tj^(9) 

V^^(e) = -jlVjCe) - v^(e)] <,6.-32) 

Substituting equation ( 6 . 32 ) in equation ( 6 , 31 ), 

^ 2(9 + 7t/3) = -7^(9) + i 72 ( 0 ) - 4- 

^ 2(9 + u/3) = - I 73_(9) - ^ 72 ( 9 ) ( 6 . 33 ) 


Equations (6.25), (6.28), ( 6 . 3 O) and ( 6 . 33 ) can be arranged in 
matrix form as given below 
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Syiilaolically 

x (0 + 71/5) = T x( 0 ) (6.55) 

The matrix T is called as connection lasitrix. Equation (6,34) 
shows that any two state vectors separated by 60 electrical 
degrees is related by the connection matrix T. Therefore if 
the solution is known for any 60 ° interval, then the solution 
for the entire cycle can be obtained by using equation (6.35) 
repetitively. Therefore, it is sufficient if we solve for the 
rotor currents for any 60 electrical intervals. To start with, 
we should know the initial state vector. This is obtained 
as explained below. 


Referring to Fig, 6,3, if x ( 0 ^) is the state of the system 
at 0Q, Twhen T^ is turned on, then the state of the system at 
(0^ + h) is given by. 


£{ 9 o + l») = £(80^ 


(6.36) 


The state of the system at the end of interval II is 


x(©_+'n:/3) = e' 


P(Tt/3 + ©0 - ©o - \i) 


x(0_ + ti) 


_ F(k/ 3 - lO + ,,) 


(6.37) 


Substituting equation (6.36) in equation ( 6 . 37 ), 

x( 9 q + it/ 3 ) = e e x(©q) 

x(0Q + %/ 3 ) = © 2.(^0^ 


(6.38) 



From equations (6^35) and ( 6 . 38 ), 


i x(9q) = T x(9q) 

(i - 1 ) x(9q) = 0 (6.39) 

Now the initial state vector ^(9^) is obtained for the given 
slip and commutation angle. Equation (6*39) is rearranged as 
f ollows 


,H1 H2 


i(e^) 

15 H4 

1 

ns^)_ 


HI i(^o) + 12 1(9^) 0 ( 6 . 41 ) 

t(9^) = az v(eo) 

1(60)= El(eo) (S-iZ) 

At 9 , the phase current i is zero. 

O 

Therefore, i^(eo) = 0 = + ^12 ^2^®^ (6.45) 

(6 44 ) 

From Fig. 6 * 3 , 7^(9^) = sin(a + tc/3) (6.45) 

^2^®o^ = Y 5 (« + ’^/ 3 ) (6.46) 

Substituting (6,45) and ( 6 , 46 ) in (6,44), 

■ , U'lo ' 

tan(a + %/3) = ~f3 Tr (6.47) 

11 - 
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Equation (6,47) gives the triggering angle a for the given ji 
and Slip. Ihe initial state vector x(9q) can be derived from 
equations (6,42), (6.45) and ( 6 , 46 ). Having obtained the 
initial state vector, the system equations ( 6 , 14 ) and (6,18) 
are to be integrated through 60 electrical degrees to obtain 
the current waveform. If we start with an arbitrary initial 
state vector, then we will have to do the integration on the 
system Equations for many cycles until the solution reaches ' 
steady state. The present procedure simplifies the computation 
effort to a large extent. The rotor current waveform thus 
obtained for a given set of parameters is shown in Pig. 6.6, 

'I 

This current waveform agrees closely with the experimental 
waveform given in [ 32 ], 

■ 

6 . 4,5 Speed-torque characteristic 


The current waveform obtained using the procedure explained 
in the previous section is the actual rotor current waveform 
in phase a of the machine. The torque developed by the machine 
is obtained by calculating the total air gap power, Por this, 
the rotor current waveform obtained in the previous section is 
resolved into harmonic components and the fundamental componaat 
and the resultant r.m.s, values are used in the torque calcula- 


tions, These values are obtained using numerical methods. The 


total period of the current waveform is divided into 2H equal 
interval* As the current watffeforia' is having half wave symmetiy 








R = 1-725 
Speec!=910 rpm 
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and tliree phase synmetry, only non triplen odd harmonics alone 
are present. The following equations are used for the harmonic 
analysis of the function f(©). 

271 ; 

~ ^ f (9) • cos n© * d9 (6 •48) 

o 

271 ; 

hn == TC ^ f(©) • sin n© ’• d© C6#49) 

o 

where a^ and are the nth hamonic cosine and sine terms 
respectively. As numerical integration is employed for the 
present analysis, equations (6.48) and (6.49) are rewritten in 
summation form as follows 


k=2M 

= ^ T 

'n B ^ 

f^ cos [ (nls:)(2^)] 

(6.50) 

E=^l 



E=21T 



n “ H I 

E=1 

sin [ (he) {^)] 

'(6.51) 


The rms value of the rotor current is given by 

■(6.52) 

where f^g. is the ordinate of the current waveform at mid point 
of the Eth interval. It is easy to implement the above 
equations as subroutines in the digital computer program. The 
total air gap power is obtained using the following equations. 





(6.55) 


Pg = oos ,f 3 _ - 4^,3 sa[)/s 

where s is the slip of the rotor 

is the stator per phsise applied voltage (rns and value) 
9^ is the phase difference between rotor induced emf 
and fundamental rotor current 
is the fundamental current (rms value) 

The air gap power is also known as torque in synchronous watts. 
The developed torque in Bn is given by 

T^ = Pg/2img M (6.54) 

where n^ is the synchronous speed in rps 

For the given slip s and commutation angle p,the developed 
torque is calculated using equation (6,54). The practical speed 
torque characteristics available from [52] are for various values 
of firing angle a. Therefore, for the purpose of comparision, 
for every slip a number of values for p are chosen and the 
corresponding a and T^ are obtained using equations (6.47) and . 
(6.54) respectively. Bow for every slip the developed torque 
for the required value of a is obtained by interpolation. The 
speed-torque characteristic thus obtained is shown in Fig, 6.7. 
The experimental values [32] are also marked in the figure. 

There is close agreement between the state space results and 
the experimental values. The computational effort required is 
simplified to a great, extent a^itlg^^^solut ion is obtained 








e X pen ^ 

*'^^1* ' '' fii''’ J fi/j" ji-/ 

State space .method ,,,,.■ 

ac equivalent circuit method 






directly without iterations. 


The importp-nt features of the present method of analysis 
are the following ; 

1) It avoids completely iterations. 

2) It makes use of steady State per phase equivalent circuit. 

3) It makes use of the symmetry that exists in the system to 
simplify the computational efforts and 

4) It obtains the solution directly in terms of the actual 
system variables. 

In the following section an attempt is made to further simplif, 
the analysis of the phase controlled system, 

6,5 Simplified ac Equivalent Oirouit 

In [29] simplified ac and dc models have been developed for 
chopper controlled systems. In this section a simplified ac 
equivalent circuit is obtained for the present system. For the 
purpose of simplified analysis it is assumed that the dc current 
is ripple free. With this assumption the equivalent circuit 
of the system is developed. The parameters of the equivalent 
circuit are the equivalent resistance and reactance when the 
fundamental ac current alone is considered. The equivalent 
circuit is developed as follows. 

When the dc current is ripple free due to a large reactance 
in the dc side and the commutation angle is negligible, the ac 
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current is of square pulses of 2-^/3 duration as shown in 
Fig, 6,8. If the dc current is r.n.s, value of the 

fundamental component of the ac current is given by 


571/6 

\ =vi <1 / q ‘ ® • <1®’ 

71/6 

^21, 571/6 

^ [-00S e] 


II 


71 /6 


m I 

71 


(6,55 ) 


In the actual systems the pulses are not rectangular because of 
the commutation interval introduced due to source reactance. 

The error involved in the calculation of 1^^ using equation 
(6.55) is 4,3 percent at the coimuutation angle of 60° [33J, 

Now the thyristor converter and the ezternal resistance arfe to 
be replaced by an equivalent resistance and reactance as shown 
in Fig, 6,9. The equivalent resistance is obtained by equating 
the dc power to the power to be dissipated in the equivalent ac 
circuit when Ij^^ alone is made to flow. 


That is. 




( 6 . 56 ) 


Substituting I^ from equation (6,55) » 




(6,57) 




mmm 


mmm 


^m$m 

BwmwitH 


il’SM 

HSHi 


m^3 




mmM 


-fjf -aWti- 


FIG. 6-8 PER PHASE ac GURRENT WAVEFORM 
ac CURRENT IS RIPPIE FREE AND CC 
, INTERVAL NEGi FCIED 


E-9 O'c EQUIVALENT CIRCUIT 
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In Fig, 6.9, the powerfactor at A is unknown. It is equal to 
the firing angle only if the coomutation angle is zero. In 
practice the coiaiiiutation angle is not zero and it depends upon 
the operating conditions. When the commutation angle is not 
small, the power factor is given by 


eosT = °°° + °°° » (6.58) 

The equivalent reactance = R^^'tan 9 . The winding resi- 

stances sR£ and are replaced by the equivalent values 
considering the power equivalence. In the ac equivalent circuit 
the fundamental current alone is considered. Therefore the 
equivalent resistance that will dissipate the same amount of 
power as that when the rectangular ac pulses flow through the 
actual resistance is given by 


In^ R' = li„„ (sR£ + R 2 ) 


rms 


(6,59) 


rms 

r2 




d 

2 2 


2 % 

5 


1 

% 


rms d 3 

Substituting equations (6.55) and (6,60) in (6,59)f 


( 6 . 60 ) 


R* = |- (sRj_ + Rg) 


( 6 . 61 ) 



In the equivalent circuit shown in Fig. 6.9 is 
unknown. For the sake of analysis the present problem is 
defined as follows ; G-iven the slip end powerfactor at A, 
the curi'ent in the ac equivalent circuit, firing angle a, 
commuta,tion angle p and developed torque are to be calculated, 

Ihe equivalent circuit shown in Fig. 6.9 is redrawn as shown 
in Fig, 6.10, In Fig, 6,10, the equivalent resistances are 
grouped together, Now the voltage that appears after the 
equivalent resistances can be related to the do voltage I^*R by 
the following equations [54]« 


5Y"6 7. cos a* - 

V h i 


R 


( 6 , 62 ) 


Substituting for I, from equation (6,55) in (6,62), 


3V’6 7. cos a» . _ _ 

V vt h i + =^2) =vt h » 


( 6 . 63 ) 


and 


3f6 7. cos (a' 4 - p) _ „ it 

1- — . 1 (sZ£ + sZg) =yI V 


% 


where 7j^ } Q is the voltage that will appear after the equiya— 
lent winding resistances in Fig, 6,10, 


The ac equivalent circuit current I^ is obtained using the 
following equations 



The firing angle a' 


a,nd commuta't ion a,ngle p. are obtainined using 

equations ( 6 . 63)11 ( 6 . 64 ) and (6,65) 

iiCtual firing angle a=a’-© (6,66) 

The developed torque in synchronous watts is obtained using 
the following equation 



5 2 . ! 

I 

? -n-2 

Torque in Bn = 51^ + B-Qq]/(pliP 2701 ^) (6.68) 

, ■ i 

Thus for the given slip and fundamental power factor at point 
A of the equivalent circuit, firing angle a, commutation angle p and 
and developed torque are obtained. In the above analysis, the 
commutation angle p is assumed to be less than 60°, For values 
of (i greater than 60°, periodic short circuits take place on 
the do side and the expressions derived earlier are not valid. 

Hence the present analysis of motor is confined to the 
region where the value of p is less than or equal to 60°. 

Siinilar assumption is also made for the state space method 
Therefore in the above calculations, if the commutation angle p 
exceeds 60°, the corresponding a and torque values are ignored. 

The characteristic thus obtained is shown as dotted curves 
Fig, 6 , 7 . Fig, 6,11 gives the variati oh of torque with firing 
angle at various speeds of the machine. The lowest firing 


Torque in Nm 
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а, ngle is that value at which the coi:Tmuta,tion angle exceeds 60°. 

б, 6 OomparisSSa' with Chopper Oontrolled Sciiene 

1, As the present system uses only phase controlled SGRs which 
employ line commutation in the rotor circuit the system is simple 
and economical. Instead of fully controlled bridge half bridge 
can be conveniently used which will mate the system still more 
economical whereas in the chopper controlled scheme forced 
commutation is employed which involves additional commutating 
elements and an auxiliary SCR. 

2, Ihe power factor of the scheme decreases with the increase 
of firing angle and becomes low at large firing angle whereas in 
chopper controlled drive the powerfactor is always quite hi^. 
This drawback of the present system can be eliminated by 
providing additional capacitors to improve the power factor. 

The half controlled bridge circuit will give better power factor, 

5, Both the systems are convenient for closed loop operations. 
6,7 Conclusion 

T^^^ contro lie djfc resistance method of speed control 

has been discussed in this chapter. The system is simple and 
economical for low and medium power applications. The scheme 
provides high starting torque and wide speed variations. A 
detailed analysis has been made using state space procedure. 
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Tile state variables used in tie analysis are tlie actual rotor 
variables and the procedure does not involve iterations. The 
single phase steady state equivalent circuit with parameters 
referred to rotor is used for the development of the mathematical 
model, A simplified ac equivalent circuit is also derived. 

The results obtained using the equivalent circuit and the state 
space model are compared with the experimental values. The 
state space results agree closely with the experimental values. 
The results obtained using the simplified ac equivalent circuit 
agree closely with the experimental values at larger firing 
angles, but, there is error at low firing angles because of 
the assumptions made for the development of the equivalent 
circuit. The ac equivalent circuit is convenient for hand 
calculations. 



CHAPTER 7 


SPEED control USING DELTA CONNECTED PHASE CONTROLLED 

SCRs IN THE ROTOR 

7.1 Int r oducti 

Piiase controlled SCRs can "be used in different circuit 
configurations in the rotor circuit of the wound rotor 
induction motors tc control the effective rotor impedance. A 
phase controlled resistance method of speed control has been 
discussed in the previous chapter. This method provides a wide 
speed \-ariaticn and high starting tor^jue. The SCRs are connected 
in bridge configuration to control the rotor impedance. The 
speed control is obtained by varying the firing angle of the 
controlled bridge. In this chapter, another scheme which 
uses delta connected phase controlled SCRs placed at the open 
star point ef the rotor circuit is discussed. This scheme 
involves less number of components as compared tt the one 
discussed earlier. The effective rotor impedance and hence the 
speed of the machine is varied by adjusting the firing angle 
of the SCRs. The possible modes of operation of the system 
are discussed. The steady state analysis of the present system 
is carried out using state space and harmonic analysis methods. ' 
The state space procedure discussed in this chapter is 
similar, that developed in Chapter 6. The harmonic analysis 
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mctiiod involves iterations to solve for the rotor current 
■waveform. The developed procedures are first applied to a 
passive load and the phase current -waveforms obtained by both 
the methods are compared. Then, these procedures are applied 
to the equivalent circuit of the induction motor to obtain the 
speed torque characteristic of the system. The analytical 
values are compared with the experimental values. The oscillo- 
grams of the actual rotor current waveforms are given to 
demonstrate the various modes of operation of the system. For 
the present st-udy the following ass-umptions are made. These 
assumptions are similar to that made for the study of the 
previous system which uses phase controlled resistance in the 
rotor. 

1. The machine parameters are constant. 

2. The voltage drop across the stator winding is small 

3* The distortion in the air gap flux wave due to harmonic 
currents through the stator windings is negligible. 

7.2 System Representation 

T^^ of the present scheme is shown in 

Fig. 7.1. The system consists of a slipring induction motor, 
three equal external resistances one in each rotor phase and 
three phase controlled SCRs connected in delta and placed at 
the open star point of the rotor circuit of the machine. A 
firing scheme suitable for the present system is discussed in 




fi.A 


Phase controlled SCR 
in A configuration 


FIG. 7-1 SCHEMATIC DIAGRAM 






PARAMETERS 
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the following chapter. The. speed control of the system is 
achieved by varying the firing angle of the phase controlled 
SCRs. The thyristors are triggered symmetrically at interval 
of 2Ti;/3 electrical radians apart. Therefore the rotor current 
waveforms do have three phase symmetry. The sequence in which 
the thyristors are turned ON is Tl, T2> T3> T1 and so on. At 
any instant of time mere than two SChs can not conduct because 
the third one experiences reversfe bias when the other two are 
already conducting* The conduction period of the SORs varies 
with the operating condition. The conducting SCR goes off at 
natural current zero. The various modes of operation of the 
system are discussed in the following section. The steady 
state equivalent circuit of the machine [29> 3 ^, 51 ] with 
parameters referred to secondary is used for the analysis of 
the present system. The equivalent circuit is shown in Pig. 

1 . 2 * 

7*5 Various Modes of Operation 

/f 

The thyristors are fired at interval of 2it/3 electrical 
radians apart in time. The firing angle a is measured with 
respect to the rotor induced emf. The rotor line-to-line 
induced emfs are shown in Pig. 7.5* The conduction period p 
of each thyristor is decided by the firing angle and speed. 

If each thyristor conducts for 411/5 electrical radians, then 
full conduction occurs and the system is in normal three phase 
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operation. Under this condition two of the three SCRs conduct 
at any instant of time. If the value of p lies between 2k /3 
and A'k/3 radians, then two SCR conduction and one SCR conduction 
alternates. When ahy twO SCRs conduct the system is in three 
phase operation and is single pha.sing when one of the three 
alone conducts. As two device conduction and one device condu~ 
ction alternates when p lies between 2k /3 and ,4^/3 radians, this 
mode Of operation is denoted as 2/1 mode of operation. Refe- 
rring to Rig. 7«3(b), thyristor T1 is turned ON at Since 

the value of p is greater than 2k / 3t thyristor T3 which is- 
fired at <0 = •- 2k /3 is still ON when T1 is turned ON at 6^. 

Therefore both T3 and T1 are ON from to when T3 turns 
Off. After ©^, the system is single phasing with T1 alone 
conducting in the rotor circuit. The system is once again 
brought into three phase operation when T2 is turned ON at 
©2 (©Q + 2k/3) and 2/1 mode of operation repeats. 

During the interval when T1 alone conducts, the phase a 
current is positive and when T2 alone conducts the rotor 
current is negative. The rotor cxar rent builds up from a 
negative level to the positive half when T3 and T1 are ON 
together in the circuit. Thus the rotor phase current is 
bidirectional. Pig. 7.3(h) shows an approximate current 
waveform. Phase a of the rotor is disconnected when T1 and T3 
are off. The duration of this off period is equal to 
{2k/3 - p.) radians, where p is the two SCR conduction period. 
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It can be called as overlapping interv^'l. 

l/o mode of operation occurs when the value of p is less 
than 211 ; /3 radians. In this case every conducting SCR turns 
off before the next «ne is fired. Every time one of the three devi 
devices conducts the system is single phasing and it is put into 
off state from the instant when the conducting SOR turns cff to 
the instant when the next one is turned ONv Since the system 
alternates between one device conduction and off state, this 
mode of operation is named as l/o mode of operation. The posi- 
tive portion of the current waveform of i occurs when T1 
conducts and the negative portion occurs when T2 conducts. As 
the conduction period of each SOR is p radians, the total off 
period in the rotor current waveform over a slip cycle is 
(2TC - 2P ) radians. Rig. 7.3(c) shows an approximate rotor 
current waveform when the system is in l/o mode. 

The solution for l/o mode of operation can be obtained 
easily knowing the rotor induced emfs and the machine parameters. 
The solution for 2/1 mode of operation is complicated because 
of the unknown instant at which the conducting SCR turns off. 

In the following sections the solution procedures for these 
two modes of operation are discussed. 



7.4 Solution for l/o Mode 


The solution for l/o mode is simple and can be obtained 
as follows ; As there is no overlapping period, the rotor 
current can be easily obtained considering the indheed erafs 
and equivalent machine parameters. When T1 is OU and T3 
are off and therefore, referring to Fig. 7.2, the differential 
equation of the system can be written as 

di. 


ab 


di 

= R i + X — ^ 


a 


de “ ^ ^b “ ^ d© 


(7.1) 


Since T2 and T3 are off, i = ~ i, and i = 0 

a b c 

Substituting these conditions in equation (7.1), 


'^ab ^ d^ 

where 

R = s££ + R^ + Rg^ 

X = s + s Xg 

""ab = V’3 \ Sin © 

Vjjj = maximum per phase induced emf 
and © = s2'itft 

The solution to equation (7.2) is given by 

- I (©-a) 

Y'3 Y ^ 

i (e) = --B1 {6 sin(v - a) - sin(v - ©)! 

2 ^^+? ( 7 . 3 ) 

V - tan“^ (X/R) 


where 
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Tlie firing angle a ia measured with respe*'^ to line-to-line 
rotor induced emfs. Referring to '7*3(o)> SCR T1 goes 

off at 0 = (fi: + |3 ) 


' r 

Therefore i (a + p ) = o 

cl 

Substituting the above condition in equation (7.3) » we have 


e 



sin( V 


a) - sin( V - a - P ) " ^ 


(7.5) 


Equation (7.5) can be solved for p iising “ Raphson's 

method. The solution of equation (7.3) from 6 = a to a+p-.gives 
the positive portion of the phase a current waveform. The 
negative portion appears when T3 conducts from 0 = (# + ^) to 
0 = (a + p + 4it/3). The total off period in the ciif rent wave- 
form is 2(7c - p) radians. The resultant current waveform is 

resolved into harmonic components and the developed torque is 
calculated using the following equations. 


cos (/ - 

= ['^3 oos 


2 

3 iLs sEi]/(s2«nP 


watts 


(7. 6 ) 


where 

^a value of the fundamental rotor frequency 

\ current ^ \ ■ 

^rms value of the rotor current waveform 

7^1^ is the rms value of the line— to— line rotor Induced emf 
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s is the slip of the rotor 

/r/t -? V T T»^4-Trrpn rotor phase a induced emf 

<p IS the phase angle between x 

and 

n Is the synauronous spe^a °f 

o 


^rms 

be obtained us 

ing the 

following equations. 

Ia= = 

1 

N 

2N 

7 • • 

(k|)] 

(7.7) 



2N 



^as 

1 

N 

[I f sin 

E=l,2,. . 

(k|)] 

(7.8) 

I 

h 



(7.9) 

a 

T 

ac as 



^ = 

n 

Z 

+ tan”^ (-j^) 


(7.10) 



. as.- 



I = 

/ 

1- f 2 


(7.11) 

rms 


2N E=1,2 k 



However, 

the solution for 

2/1 mod 

e spof operation is not 


straight forward and therefore state space and harmonic analysis 
methods are developed in the following sections for this mode of 
operation. 

7.5 State Space Solution for 2/I Operation 

In 2/1 mode of operation, the system is subject to 

three phase and single phase state alternatively. Referring 

to Pig. 7.3, Tl^is tur^ied ON at and T3 and T1 conduct 

together from%^ ^to Q + u, where p is the overlapping 

'0 o ^ 
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angle or angle of two SCR cc...c1ucti on. This is interval I in 
J'ig. 7.3(h). During intervel n t1 alone conducts and phase 
c of the rotor gets open circuited. During interval I, the 


. Q'ly 

h 


c. 


drops due 

to the 

devices are 

neglected 


a "Si 

sX£ 

H2 

SX2 

^62 

wv\aaA___. 


^Ti/yvA. 


b "Si 

sX£ 

^2 

If! wi III nr ij \j :jK/ J-- .- 1 , ^ 

sZ- 

— aaaaA. 

R 

A'AA AAA 



c 

ex 





—/WAA'V. 

C ®^i 

Bll 

J^Ci^ 

S2 

AAAy>A 

1 %, 

R 

ex 

MAaA. 


riS. 7.4 The equivalent circuit when TJ and T 1 are OH 
The differential equations of the system are 

’^ah = + »2 + Sex) ^a + sX ) S® - (sSi + R + s ) 

hi^ 2 62 

(7.12 

■ 

(7.13 

(sRi+R^+ 

^ . . . , „ „ 

dS (7.1i| 


- ( 3 X- + aXj) ^ 

^bo = (sBi + i^ + (sju 


di 

de 


di 


^ca ^2 ^ex^ (sX,' + sX ) — 

^ c 1 dO ■ *^2 —ex 


- (sX* + sl^) 


di 
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Putting V , = ( 0 ) and v - ir, = V (©) and applying the 

jL go, DC c. 

condition i + i^ + i = 0, 
a 0 c 


di 


Yj^(e) = (sRJ^ + + Rg^) Ig + (sX£ + sXj) -jg 

di. 

-(sR£ + R2 + ^ ^ ^ 

^^(e) = - 3 (sR£ + R2 
-3(sRi + R 2 
V^(0) = IT^ sin 4) 


V 2 (e) = 3 cos 0 


a 


^b ” 

(sZj_ + 

SZ 2 ) 

2 






di 

+ 


- 3(sZ£ 


sZ^) 

a 

d© 






di, 

+ 

^ex^ ^b 

- 3(sXj_ 

4- 

SZ 2 ) 

b 

d© 


( 7 . 15 ) 


(7*16) 

(7.17) 

(7.18) 


The forcing functions 7^(0) and V 2 (©) can also be written in 
differential equation form. 

Differ entis.ting eq-uation (7.17) f 

dV^(e) 


d© 


7^ cos © 


(7.19) 


Differentiating equation (7.18), 


c172(©) 

d© 


= -3 7j^ sin © 


(7.20) 


Substituting equation (7.18) in (7.19) and (7.17) in (7.20), 


d73_(©) 

“d©~~ 


B '' 2 


7o(-©) 


(7.21) 
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“dO — = 


(7.22) 


Equations (7.15), (7.16), 
matrix form as follows : 


(7.21) and (7.22) are arranged in 




Symbolically , 


(sEi 

3(sEi + + E^^) 

0 
0 



(7.23) 


Ak = Bx 

1 = B X 



(7.24) 

(7.25) 

(7.26) 
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Equation (7.26) represents the system when it is in three 
phase operation. During interval II, SCR T1 alone conducts 
and therefore phase c gets open circuited. The equivalent 
circuit reduces to the form shown in Pig. 7 , 5 , 


a 


-AVv- 


sXJ^ 

-'■■.Ap*- 


- "A.A./V - 


sSi 


b a- 


-V\A- 


SX£ 


Rg 


sX^ 

-hTT?"-- 

sX^ 

■Try-- 


Sex 

vvv - 


R__ 

ex 


®si Rg 

^ 'W* aat- 


Eig. 7.5 Equivalent circuit when T1 alone conducts 


sX, 


R 


2 ’ex 

—O' 


The differential equation of the system is as follows 
^ab = ■^l(e) = 2 (sR£ + R^ + Rg^) i^ + 2(sXj_ + sX^) ^ 


(7.27) 


Since phase o Is disconnected, i^ becomes sero. The other two 
phase currents and their derivatives are equal and opposite to 
each other. Therefore, the differential equation which impose 
the current zero in the mathematical model is 


di 

MQ 


di.| 


(7.28) 
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Equations ^7.17), (7.18), (7.27) aiicl (7.28) are arranged in 
matrix form 



Symbolically, 



^ * B X 

(7.30) 

^ I 2 ' 

(7.31) 

X = F X 

(7.32) 


5)he problem can be defined' as,, given the ..slip and two SCR 
conduction period, the firing angle a and the rotor current 
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waveform ..e to ba ottalnefl. Onoa the rotor current vavefot^ 

xs knoan, the other performance charaoteristioe can be obtained 

easily. Tbe first step in the solution procedure is to solre 

for tile initial state vector. As the •fVitrv.-i +■ 

1 , AS tiie thyristors are symcaetri- 

oally fired at interval of Ik/j rad apart, the system current 

waveforms have three phase symmetry. The three phase symmetry 

can be represented mathematioally as follows ! 

Considering phase currents. 



+ 27C/3) = i («) 


(7.33) 

but 

+ i^(0)) 


(7.34) 

therefore 

+ 2n/3) = -i^(^) - 1^(0) 


(7.35) 


+ 2%/3) = i (0) 

0* 


(7.36) 

Cons id ering 

the variables V^^CO)) and 




+ 2t/3) = v^^,(e + 2^/3) 


(7.37) 

Applying three phase symmetry, + 2it/3) 


(7.38) 

but 

- Vj,_,(c) 

- \b(«) 

(7.39) 


= 2 


Therefore 


= - i ^1^©) + i 


(7.40) 



141 


That is , 



^>■6 + 2x/3) = - 1 ^ v^(e) 

( 7 . 41 ) 


+ 2it/3) = + .271/3) - T^^(e + 271/3) 

(7.42) 


= 

( 7 . 43 ) 

but 

^at(e) = 7^(©) 

( 7 . 44 ) 

and 


( 7 . 45 ) 


Substituting (7.44) and (7.45) in (7.43), 


V 2 (« + 211/3) = -3/2 Vj_(Q) - i v^(e) 


(7.46) 

Equations (7.35), (7.36), ( 7 . 41 ) and (7 Af;) ^ -k 

y, ana U. 46 ; can be arranged in 

matrix form as follows ; 


a 


2 

Q 


-1 

1 

0 

0 


Q 4 . ^2E 
^1 + ~ 


Symbolically, 


-1 

0 

0 

0 


0 

0 

2 


0 

0 

i 

i 




0 = (7,47) 


£(© + ~ 2 ) 


T x(©) 


(7.48) 
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Equation (7.48) shows that ejiy two state vector separated 

by 2 , 1/3 electrical radians can be related, by a connection 

matrix I. Therefore it is sufficient if the rotor current 

waveforms is obtained for any 120’ interval. The initial 

state vector z(e^) obtained following the similar procedure 
explained in Chapter 6. 

Referring to Rig. 7 . 3 (h), if x(O^) is the state of the 
system at then state of the system at (0 + p,) ig 

hy 


5(^0 + p) = eS^^ 

The state of the system at (Q^ + 2ii:/3) is 
^(©o + 27t/3) = e~ ®o “ 


( 7 . 49 ) 




= e 


I (p - 1 ^) 


£(% + (i) 


( 7 . 50 ) 


Substituting equation (7.49) in (7. 50), 
x(©o + 27C/3) = e 


1(|^ - n) Cp 


e x(© ) 

-V q/ 


+ 271/3) = a z (Q^) 
Rrom equations (7.48) and (7.52), 


( 7 . 51 ) 


( 7 . 52 ) 


=1 2(©^) 


( 7 . 53 ) 
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The initiel state vector X( 6 q) is solved for the given slip 
and two SGE conduction period p. Equation (7.53) is rearranged 


IS follows 






Si i(eo) + Ke^j) = 0 


j(ej 


( 7 . 54 ) 


( 7 . 55 ) 


(7.56) 


^ I(®o) 


(7.57) 


SCR T1 IS turned ON at Q^. Before firing Tl, T3 alone was ON. 

Therefore i= 0 at O . 

D , - 0 

Prom equation (7.57), 


+ u. 


^21 ^l^®o^ + ^22 


(7.58) 


Equating the right hand side of the above equation to zero, 


1 ^ o ;^ __22 


2 ''0' 


Referring to Pig. 7 . 3 , 7^(0^) = 




V3 sin a 


3 7^ cos a 




( 7 . 59 ) 


(7.60) 


(7. 61) 
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(& ) 

Therefore tan a 

Prom eq-aations (7.59) and (7.62), 


tan a = 


Y3 U 


22 



(7.62) 


(7.65) 


Equation ( 7 . 63 ) gives the triggering angle a for a given 

slip s and two SCR conduction period p. The initial state 
vector, x(©q) can he obtained from equations ( 7 . 57 ), ( 7 . 60), 
(7.61) and ( 7 . 63 ). The solution for an interval of 2 tc/ 3 elec tri 
cal radians from © = ©^ to © = ( 0 ^ + 2n/3) radians is obtained 
using equations (7.26) and (7.3*2). The repetitive application 
of equation (7.48) gives the solution for one complete cycle. 

This procedure is first applied to a passive load with 
R/Z ratio of 0.5 where R is the total per phase resistance and 
Z IS the total per phase reactance. The current waveform thus 
obtained using the state space procedure discussed above is 

shown in Rig. 7.6. This agrees closely with the experimental 
result given in [ 35 ]. The same problem is also solved by the 
harmonic analysis method and the results are compared. The 
method of analysis is explained in the following section. 

7.6 Harmonic Method of Solution for 2/1 Mode 

It is not possible to avoid iterations in the harmonic 
analysis method. The commutating instant of the conducting SCR 
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IS obtained! using an iterative prooeaure. The problem may be 
reclefinea as follows : Siven the firing angle a and slip s, 
the two SOS conduction period p is to be obtained!. The value 

Of p Is first assumed, and from the system operational ohara- 

cteristics the voltage waveforir' e th'h+ orotic i 

a appears across phase 

a of the steady state equivalent circuit is obtained. Eefe- 
rring to Pig. 7.3(b), SOS T1 is turned OH at e^. From © = 0 
to © = ©^ SCR T3 alone is conducting. Since the rotor circuit 
rs single phasing during this interval with phase b disconne- 
oted, the voltage that appears across phase a of the equivalent 
circuit is one half of v^^. The rotor circuit is in three phase 
operation from ® = ©^^ to ©^ + p. Therefore the voltage that 
appears across the phase a of the equivalent circuit is v , 
the phase a induced emf. sOfi T3 commutates out at ©^(= ©^ + p). 

SCR T2 is turned OH at ©^. Tbe system is once again erperlen- ’ 
cxng sln^e phase operation from © = ©^ + „ to © = © (= ©^+ 2 ^/ 3 ). 

During this interval phase o gets open circuited and one half 
Of the line a-b induced emf v^^ ^ 

equivalent circuit. When SCR Tp is turned OH the system is 
again brought into three phase operation and it continues 

imiji il Q* = Q I - ' Qr(i> mi 

2 + H. SOE T1 goes off at © = ©^ + p and phase a 
is disconnected. Phase a remains disconnected until SCR T3 

■ turnec OH at ©^ (= ©^ + 4li/3). The system is again in 
three phase operation from © = ©^ to © = ©^ + p. goR T 2 gets 
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commirtate:^ out at « = 9^ + |i. Now SCR T5 alone conducts 
bringing ■v^q/ 2 across phase a of the equivalent circuit and 
this continues until SCR T1 is fired again at 9 (=9 + 27t) and : 

\ O ■ ii; 

the cycle of operation repeats. Therefore voltage e , that 1 

3 . I 

comes across the phase a of the equivalent circuit can be { 

defined as follows ; | 

. ■ . ■ ■ ■ , ' 

' /. . ' ■ . "■ ' ■■ ' 'I 

0 < © <Q t 

— O . I 

®0 - ^ — ®0 I 

®o + ® 1 ®o 2it/5 I 

+ ^ + ®o + ! 

+ 8-^ + n) < ft < |2£ + j 

+ ^o) 1 e i |i + ©o + n j 

■ ■ ^ 

+ ®o ® i 2 t[ (7.64) 

The voltage waveform e is resolved into its harmonic com- 

■ 3 

ponents. The triplen harmonic currents are absent in the 
syston. All other odd and even harmonics are present. The 
following equations are used for the harmonic analysis. 

2n ■ • 

®nc = i / ®a (7.65) I 

• ' O ,■ V ■■■■■ ■■ ■ j 

; ' / ■ ' ■■ 7'' , '' ■■ ' - b':'- 7' ■:■■■ ;; 'y::, J 
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211 ; 



( e /e 
nc' ns 


(7. 66) 

(7.67) 

( 7 . 68 ) 


The harmonic currents are obtained using the harmonic equivalent 
circuits. The nth harmonic equivalent circuit is given in 
Pig. 7.7. e^ is the nth harmonic phase voltage obtained using 
equation (7.67). The following equation gives nth harmonic 
rot or current . 




(8R£ + + Rg^) + D (sX;[ + sl^) 


(7.69) 


The resultant phase a current is obtained by adding the harmonic 
components. For the chosen value of p, the rms value of current 
during the off period is calculated and checked whether it is 
less than a pre-as signed value. If not, the value of p, is 
adjusted until the off period ciirrent is reasonably low. The 
validity of this procedure is first tested with the passive load 
as done before for the state space method. The current waveform 


obtained by this method is shown in Fig. 7.6. It agrees closely 
with the state space results. 
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7.7 Application to Steady State Analysis of Induction Motor 

Both the above procedures arc now applied to the equi- 
valent circuit of the test machine. The test machine used 

for the study is the same slipriug machine used for the study 
of three thyristors - three diodes system discussed in 
Chapter 3* The parameters of the test machine referred to the 
secondary circuit are given below. 

Rq = .232 ohm = .592 ohm 

= .395 ohm = .395 ohm 

Rex = 5 ohm 

Bor a given slip s and two SCR conduction period the deve- 
loped torque is calculated using equation (7.6). The speed- 
torque characteristic of the system for various values of the 
off period 6 is shown in Big. 7. 8. The total off period in the 
phase current waveform for 2/1 mode of operation is - p) 
radians. In the case of l/o mode of operation the total off 
period is 2(Tt-p). The experimental results are also marked 
in the figure. The rotor current waveforms demonstrating 
the two different modes of operation are shown in Big. (7.9). 

At high speed operations the rotor current is superimposed 
with slot ripples. It is clear from the oscillogram shown in 
the figure. The firing and control schemes used for this system 



Forque in 



• — •- Analytical results 
A A Experimental values 
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are explained in the following chapter. The ^peed-torque 
characteristic obtained using harmonic analysis method is 
found to be very close to the results obtained by the state 
space procedure shown in Fig., 7.8. Hence no separate perfor- 
mance characteristics are given for the harmonic analysis 
method. 


7.8 Conclusion 


A rotor Impedance control scheme which uses only three 
phase-controlled SOHs In the rotor circuit has teen studied in 
this chapter. The scheme is simple and it provides a wide 
speed variation. State space procedure and harmonic analysis 
method have been developed to obtain the speed-torque chara- 


oteristio of the system. The state space procedure used for the 
present study is similar to that discussed in Chapter 6 for 
phase controlled resistance scheme. The analytical results 
agree closely with the experimental values. The oscillograms 
of the rotor current demonstrating the various modes of 
operation of the system are given. Even for a highly distorted 
rotor current the stator current waveform is fairly sinusoidal 
as shown in Pig. 7.9. Therefore, the amount of harmonic 
currents injected into the three phase supply teminals is 
negligibly small. In the case of stator voltage control 

schemes considerable amount of halmonio currents are drawn from 
the supply. 
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Thoagh the delta configuration is simple and involves 
less control circuitatE>y , it is not used to a large extent 
today because of the following reasons [ 55] . 

i) It needs thyristors of large current rating (rms value) 
compared to six thyristor delta configuration (approximat elj 
twice) 

ii) The rotor phase currents have large harmonic current 

I 

compared to conventional circuits. 

As the cost of large current rating thyristors are falling 
and the harmonic currents demanded from the supply is considera— ! 
bly low with rotor side control, the present scheme may find 
wide applications in the field of speed control of small and 
medium capacity motors in future. A firing scheme suitable 
for the present scheme and the closed loop speed control of the | 
system are discussed in the following chapter. I 






CHAPTER 8 


EIRIEG SCHEME ABE EEEE-EACK COHTROL FOR ROTOR 
PHASE COHTROL SYSTEM WITH DELTA COBHECTBD SCRs 

8,1 Introduction 

A simple and economical control scHeme suitable for the 
variable speed operation of wound rotor induction motor has 
been discussed in the last chapter. The importance of the 
scheme is that with only three phase controlled SCTRs it 
achieves wide speed variation for all types of loads. The 

\ 

speed control is obtained by adjusting the firing angle of 
the SCRs. The steady state analysis of the system has been 
already discussed using state space and harmonic analysis 
methods. 

In the pr es ent chapt er a triggering scheme suitable for 
this delta connected configuration is developed. Quite a good 
number of triggering schemes are available in the literature, 
but most of them work with constant voltage and constant 
frequency anode supply. In the present system, as the voltage 
and frequency of the rotor circuit vary with speed of the 
machine, existing triggering schemes are to be modified suitably 
A scheme which gives firing angle a proportional to the control 
voltage is discussed. The firing angle a remains same for a 
given control voltage over a wide range of speed. 
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The closed loop performance of the system with speed 
feed hack is studied. The various functional hlocks of the 
feed hack system are developed and the performance of the ; 

system for sudden change in load tor(|,ue and reference voltage | 

. i 

are obtained. Both! (proportional) and PI (proportional plus 
integral) controllers are considered for the study. The 
experimental observations are compared with the analytical 
results. 

8.2 Review of Triggering Schemes Used for Rotor Phase Control 

: 

A few triggering schemes have been discussed in the 
literature for rotor phase control circuits. Most of them 
use an auxiliary machine or a synchro similar in construction I 

I 

to the main motor to provide the firing circuit with ac sine 
wave of slip frequency. Prom this voltage a constant amplitude | 

' . . I 

ac signal is derived over the entire speed range and this is 
compared with a dc control signal. The firing pulse is given 

to the respective SCR at the instant when the ac signal crosses 

' 1 

the dc level of the control voltage. The firing angle a remains 
constant for a given control voltage over a wide range of slip 
frequency so long as the amplitude of the sine wave given by 
the conti-oller remains constant over the operating speed range. | 
The firing angle a is measured from the zero crossing instant I 
of the input sine wave. If this sine wave is in phase with 
the secondary induced emf of the main machine, then by varying 
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the control voltage level the value of a can be changed from 0 
to 90' electrical degrees. If the sine wave is phase advanced 
by 90 electrical degrees with respect to the induced emf of 
the rotor, then a variation of 0 to 180° can be obtained by 
varying the control voltage. 

A special commutator type frequency changer has been used 
iu [ 25 ] to give the required ac signal to the control circuit. 

In this scheme, the commutator type auxiliary machine gives 
six phase output for a given three phase input voltage. The 
commutator machine is called as Pilot Generator and it is 
coupled with the main motor. The output of this commutator 
machine is of slip frequency and the amplitude of the output 
remains however constant over the entire speed range. 

A synchro similar in construction to the main machine is 
used in [ 28 ] to provide the control pir cult with the required 
ac signal. The rotor of the synchro is properly aligned with 
the rotor of the main motor so that there is no mechanical 
phase difference between the synchro and the main motor secon- 
dary fluxes. As the amplitude and frequency of the rotor induced 
emf change with speed, the constant amplitude ac signals have 
been obtained by feeding the slip frequency synchro emf through 
a simple RC integrating circuit. The integrating circuit also 
provides the necessary phase shift. 
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In the schemes discussed above, auxiliary machines and 
integrating circuits have been used to obtain constant amplitude 
ac sinusoidal signal of slip frequency. This ac signal and 
the control voltage are fed to the nom-parator to detect the cross 
over point. In this case the firing angle a is not linear with 
the control voltage. The ac signal which is fed to the compara- 
tor should be free from ripples. It is difficult to eliminate 
completely the ripples which is present in the controller output. 
It is also difficult to keep the amplitude of the ac signal 
constant over a wide speed range. In [32], a triggering scheme 
which avoids auxiliary machines ahd uses analog circuits to 
obtain the synchroniaed signals has been discussed. The limi- 
tation of the scheme is that the firing angle is not constant 
for a given control voltage as the machine speed changes. In 
this chapter, an alternative scheme which gives constant firing 
angle for the given control voltage over a wide .speed range is 
discussed. The triggering scheme discussed here is different 
from the analog and digital adaptive circuits discussed in [ 36 ']. 
8,3 Proposed Firing Scheme 

The circuit diagram of the proposed scheme is given in 
Fig. 8.1. The scheme does not use auxiliary machine to obtain 
the slip frequency ac signal. It uses the signals which are 
available across the sliprings of the machine. These signals 
are not sinusoidal because of the switching action of the SCRs. 
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They are feci to the control circuit through isolating trans- 
fc.rrne3.T3 as shown in Pig. 8..1. In the delta configuration, 
there are three SCRs and they are triggered one at a tine at 
interval of ~ electrice.l radians apart in tine. To have this 
required phase displaceirient of 211/3 electrical radians, three 
separate isolating transforners are used. The output of this 
transforner is given to zero crossing detectors. OP-AHP pA 741 
is used as zero crossing detector. The noninverting terninal 
of the QE-AjMP is grounded through a resistance and the output 
of the isolating transforner is given to the inverting terninal 
throu^ a potential divider. 

The output of the zero crossing detector will he a rectan- 
gular waveform with the positive and negative levels clipped 
to its saturating level. Therefore a rectangular waveform 
of slip frequency is a,vailahle at the output. This is used to 
actuate the switches S¥ which reset the ramp generators. Since 
the frequency of the rotor voltage changes with speed, a ramp 
of constant amplitude syndronized with the signal which is 
available between the sliprings is needed. Therefore the slope 
of this ramp should get adjusted as the slip frequency of the 
rotor circuit changes. This is done as follows : As the s?.^pe 
of the ramp is decided by the charging current of the capacitor 
used in the ramp generator, the present problem will be solved 
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if the reinp generator is fed with voltage proportional to 
slip frequency. For this, a dc voltage proportional to the 
rotor speed is subtracted from a fixed dc proportional to the 
synchronous speed. This is done using a summer as shown in 
Pig. 8.1. The output of this summer is given to the ramp 
generators. As the speed of the machine changes, the output 
voltage of the summer charges in proportion to the slip speed 
and therefore the chahging current of the ramp generators gets 
adjusted automatically. As the charging current of the ramp 
generator is proportional to the slip speed, a ramp of constant 
amplitude synchronized with the signals available at the slip- 
rings is obtained. The parameters of the ramp generators are 
adjusted so that the ramp will reach saturation level approxi- 
mately at the end of the half period at all slip frequencies. 

The ramp is reset by the switch S¥ which,is actuated by the 
output of the zero crossing detector. 

The output of the ramp generator is given to the c°2iparator 
at (B). The control voltage is fed to the comparator at (C) 
through the OP-AMP which is in emitter follower configuration. 
The comparator switches to high state at the instant when the 
ramp crosses the dc level of the control voltage. The output 
of the comparator is ANDED with a carrier frequency signal. 

The AETD gate output is connected to the SOR gate through pulse 
transformer. The firing angle a of the SCR is controlled by 
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adjusting dc level of the control voltage, mahually in the 
case of open loop operation. In the case of closed loop 
operation, the t^cho generator output voltage is compared with 
the set value and the error voltage is given to the controller 
which may have P or PI configuration. The ohtput of the 
controller is givoi to the comparator at (G) throu^ the 
emitter follower to adjust the firing angle to the required 
value automatically. In the present system three separate 
firing Oircuits are used one for each SCR. 

The scheme explained above is simple and it gives satis- 
factory performance. The experimental results obtained usikg 
this firing scheme are given in the previous chapter fdi* the 
purpose Of comparision with the analytical values. In the 
following section the closed loop operation of the above system 
has been analysed. 

8.4 Performance of Closed loop Astern with Delta Connected SCRs 

in the Rotor 

8.4.1 S!y stem description 

In the previous section a simple and reliable firing 
scheme suitable for delta connected SCRs in the rotor circuit 
has been discussed. A closed loop control scheme which uses 
this firing scheme and feed back controlling elements is 
discussed in this section. The block diagram of the closed 
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loop conijrol sclxeme is given in Fig* 8. 2» Tie stator of 
the test machine is fed. with constant voltage constant 
frequency supply* The delta connected SCRs and external rotor 
es are connected in the rotor circuit as discussed 
in the previous chapter. For the purpose of speed feed back* 
a permanent magnet tachogenerator is mounted in the rotor 
shaft of the main motor. The same generator output is also ; 

used for the generation of ramp in the control circuit. The ! 
tacho generator output voltage is proportional to the rotor 
speed and is compared with a fixed dc level which rep res ent s | 
the set speed. The error voltage is given to the controller. 

I 

The set speed is changed by varying The controller may be ! 

P (proportional) or PI (Proportional plus Integral) or PID 
(Proportional plus Integral plus Derivative). In the present | 
study » P and PI controllers are considered. The function of 

^ ■ ■ S' 

the controller is to give the required control voltage which 
will adjust the firing angle a to the suitable value. 

I 

i 

8.4.2 Transfer functions of the functional blocks j 

The aim of the present study is to obtain the performance | 
of the feed back system for small perturbations in load 
torque and reference voltage analytically and compare it with 
the experimental values. For this, the transfer functions , 

of the various functional blocks which are valid for small 
variations about the given operating point is derived in the i 
following;; subs^i^ions. ..-I ' ' | 
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8. 4-2. 1 T ichogenerat or and- filter 

Ihe tachogenerat or and the associated filter are shown 
in Fig. 8.3. This is represented as Block in the functional 
block diagram given in Fig. 8.4. A EC filter is used to 
remove the ripples present in the tachogenerat or output. The 
tachogenerat or output is also attenuated. The transfer function 
of this block is represented by 

^1^^^ ^ 1 + ST^ (8.1) 

where is the combined gain of the tachogenerator and the 
filter and T^ ig the effective time constant of the filter. 

8. 4 . 2. 2 Controller 

Referring to Fig. 8.4> the change in output voltage of 
block is compared with the change in -bhe reference 

voltage and the resultant change in voltage is fed to the 
controller. The controller output voltage is corrected in 
accordance with the input change in voltage. The change in the 
controller output voltage is denoted as AV^. The controller 
is represented as block in Fig. 8,4. In the present study, 

1? and PI controllers are considered. The circuit configurations 
of these two controllers are given in Fig. 8.5. The transfer 
functions of the controllers are as follows : 
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i) Proportional controller (P ) 

Gq(S) = (8.2) 

ii) Proportional plus Integral controller (Pl) 

K (1 + S T_) 

= (8.3) 

8. 4. 2. 3 Piring circuit 

Block decides the change in firing angle a in accor- 
dance -writh the change in control voltage V . Block B- consists 
of ramp generator and a comparator. The ramp is synchronized 
with the signal available across the sliprings of the machine. 

For a given change in V , the change in firing angle is given 
hy 

4* = i (8.4) 

where m is the slope of the ramp. The comparator switches to 

the high state and firing pulses are given to the thyristors when 
the ramp crosses the control voltage. Although the comparator 
adjusts the firing angle to the new value as soon as there is 
change in V , the thyristors may not respond immediately. The 
thyristors are triggered in sequence at the interval of 120 
electrical degrees. If the change is control voltage has 
occured just after one firing instant* then the new firing 
angle will have effect only at the next firing instant which 
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will occur after 120 electrical degrees. If the change in 
firing angle occurs jnst at the nonient Sf a firing instant » 
then the new firing angle will have inniediate effect and no 
delay is involved. Therefore in the actual system this delay 
may vary from 0 to I2O electrical degrees and this is to he 
viewed as a sampled data system[ 37,38].However, for the present 
study, it is assumed that hlock is a first order system 
with gain equal to 1/m and time constant equal to one half 
of the maximum expected delay. In the present system the 
maximum expected delay is 120 electrical degrees. If the slip 
of the rotor at the operating point is s, then the time 
constant of hlock is given hy 



The torque developed hy the machine at the given operating 
point is a function of speed of the machine and the firing 
angle of the thyristors. The difference between the developed 
torque and the load torque is given to the rotating system. 

The torque developed hy the machine can he represented as 
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= F(w, a) 

The present study is about th 
about the operating point for 
the small change in developed 
of the small changes in speed 


( 8 . 6 ) 

dynamic behaviour of the system 
a given perturbation. Therefore, 
torque can be expressed in terms 
and firing angle as follows i 



A^d 




11 

, VJL 

Aa 

A a 

u)= const 

A» 

a =: 


^4 

Aa + 

Xr-AOJ 

5 



Ab} 


(8*7) 

( 8 . 8 ) 


The constants and depend upon the operating point and 
are to be obtained from the steady state characteristics of 
the system. In the previous chapter, the speed torque chara- 
cteristic of the system has been obtained using steady state 
and harmonic analysis methods. The variation of torque with 
firing angle at different rotor speeds obtained using the 
above procedures is given in Pig. 8.6. As it is difficult to 
measure the firing angle a with respect to the voltage zero 
of the rotor induced emf, in the present study, the off period 
5 ^ of the rotor phase current at the operating point is noted 
and the corresponding is obtained from the ^ “ graph 

given in Fig. 8.7. This graph is also obtained from the 
results of the steady state analysis. This value of cx^ is used 
for the perturbation study. The constant X^ is the slope of 




torque firing angle graph at the given operating point 

(o)o> This is olotainecl from Pig. 8.6. The constant 

is the slope of torque V to (speer' of the machine in electrical 

s 

radians per sec. ) graph at the given operating point (oj^, a^). 
This graph is also obtainable from Pig. 8.6. Por example, the 


torque oi graph for = 25° is given in Pig. 8.8. 

Thus the value of K. and L are obtained from the results 

4 6 

of the steady state analysis and are used for the present per- 
turbation study. In Pig. 8.4 the resultant change in develo- 


ped torque is represented as the summation of the outputs of 
the two blocks and B^. The change in developed torque is 
compared with the change in load torque and the resultant 
value is given to the mechanical system. The transfer- 
function of the mechanical system can be written as 


where K 



and 





= 


& 


1 + S T, 


(8.9) 

f 

[ 


F is the frictional constant in Km/rad /sec and 
J is the moment of inertia of the rotating system 
in Zg-m^. 


Pig. 8.4 shows the various functional blocks which are to be 
considered for the perturbation study. 
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8.4*3 Srstem performance 

Tlie present .interest is to study how the rotor speed 
changes with reference voltage (set speed) and. load torqne 
perturbations. The analytical results are obtained oonsiderin 
the various functional blocks given in Pig. 8.4. The differen 
input and output variables of the various blocks are denoted a 

Xy x^»2:5,Xg and-^^* 5?hese variables are defined as 
follows : I 


"^1 = "’’d - ‘''l 

(8.10) 

3 

< 

II 

CM 

X 

(8.11) 

= AV 

(8.12) 


(8.13) 

< 

II 

ITS 

X 

(8.14) 

kg = ^4 401 

(8.15) 


(8.16) 


(8.17) 


These variable names are also marked in Pig. 8.4. For 

the perturbation Study, the differential and algebraic equa- 
tions which govern the small variations about the operating 
point are first written down in terms of the above variables. 
Then these equations are soiled simultaneously using Runge- 
kutta fourth order numerical method. Both P and PI controllers 
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are conslacred for the study. The follcwlKj are the equation, 
wlien PI controller is used. 


Xc + z 


dz. 

dT^ 


7 - 


-2 

T~ ^1 - T 


dx 

at 


K-1 X 

~ z - 

T '2 
^ 1 


(8.18) 

(8.19) 

( 8 . 20 ) 



(8.21) 

S \ 

dt ^ 

(8.2^) 


(8.25) 

x? = 

(8.24) 

When P controller is used, equation (8.21) 
following equations. 

is replaced hy the 

AV^ - z^) 

(8.25) 

dx 

dt ”^2 dt^ 

(8.26) 


The initial values of the above system variables are zero 
as the system is in steady state before the disturbance.. When 
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the study is made for perturbation in load torque keeping the 
reference voltage constant , assumes a small finit e value 
and is zero. In the case of perturbation in reference 
voltage, assumes a small finite value and is zero. 


The perturbation studies are carried, out at two operating 
points, one at = 105O rpm, = 25° and ano^t^he^,.^, at 

^o ~ rpm, = 70° . The various system panameters . 
(gains and time constants) used for the study are given in 


Appendix 1. The test is carried ont on the same sliprin^ 

machine used for the steady state analysis discussed in the 
previous chapters. The analytical results of the present per- 
turbation study are given in Pigs. 8. 9-8.I4 . Figs. 8. 9-8 10 
show the responses when the P controller is used and Pigs. 8. 11- 
8.14 show the responses when PI controller is considered 


The respective experimental observations are given in Pigs, 8.15- 
8. 20 tomparision of these figures validate the small signal 
model developed here. It is observed that the system comes 
to steady state faster with P controller than with PI contro- 
ller, "but the P controller introduces steady state error. Phe * 
steady state error is negligible with PI controller. This ^ 

is clear from the oscillograms shown in Pigs. 8.1? and 8 I9 ' 

It IS also observed that there is close agreement between the I 

analytical and experimental results. I 
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8.5 Conclusion 

In this chapter, a simple and reliable firing scheme 
IS developed for the rotor phase control system which uses 
three phase- controlled SORs in delta configuration. The 
importance of the firing scheme is that it does not use any 
auxiliary machine to get the synchronized control signal and 

the firing angle a for a given control voltage is constant 
over a wide speed range. 

The closed loop operation of the present systea has been 
studied in this chapter. The dynamic response of the system 
for load and reference speed perturbations is also investiga- 
ted. Transfer functions for the functional blocks of the 
system are derived and the analytical study has been carried 
out considering the differential and algebraic equations 
which govern the small variations of the system variables 
about the operating point. The theoretical response for the 
change in speed with time for the given load torque and 
reference speed perturbations are plotted and are compared 
with experimental results. 



CEAPTER 9 


GOEGLESIOE 

9.1 General 

In "tEis "tEesis » EEe differenl: speed con'trol scEemes ■wEicE 
are simple and economical and provide reasonably wide speed 
"^nriaiions Eave been discussed. TEe summary of iEe work done is 
given in tEis concluding cEapter. TEe scope for fut tire work 
in tEis field is also outlined. 

9.2 Review of tEe Work Done 

As stated in tEe introductory cEapter, tEe main aims of 
tEe investigations are to develop proper control scEemes sui- 
table for variable speed operations and metEods for tEe steady 
state and dynamic analysis of SCR controlled induction motors. 

In tEis tEesis, tEe maj or part of tEe work Eas been devoted 
to the study of speed control systems wEicE use pEase contro- 
lled circuits eitEer to control tEe stator voltage or to 
control tEe effective rotor impedance. TEe reasons for giving 
att^tion to tEe pEase controlled circuits are tEat tEey are 
y.vsimple,. d-ees'' not need additional commutating components, and 
-are economical for low g^d m.edium power applications. However, 
tEe analysis of tEese pEase controlled systems are complicated 
due to reasons stated in tEe introductory cEapter, and tEerefore 
attempt Eas been .made in tEis thesis to develop suitable 
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raethocls for obtaining the steady state and dynamic performance 
of some of the economical speed control systems. 

Two methods of analysis, namely, (i) state space, and 
(ii) harmonic analysis have been used in this thesis. The 
various speed control systems ’considered ffor the study are ; 

i) phase controlled single phase machine 

ii) three thyristors - three diodes voltage control scheme for 
three phase induction motors 

iii) the voltage and current fed induction motors 

iv) the phase controlled resistance method of speed control of 
three phase induction motor 

v) rotor phase control system which use delta connected SCRs 
in the rotor and 

r'' 

vi) a f 0 0^ b - a c- k 'control scheme for the system considered in (v). 

The results of the investigations are , summarised below to 
highlight the contributions made in the thesis-. 

1. For the phase controlled single phase machine, an 
improved harmonic analysis method which iterates only on the^^^^^^^^^ 
conduction period of the stator current waveform and avoids 
simultaneous iteration on the stator induced emf has been 
developed. The results obtained by this procedure are compared 

with the state space and experimental "values.. S— 

' ■ ■ ■ ■ : : . . : '1 : ■ ' '' 



2 . 


A three thyristors - three diodes voltage control 
scheme suitable for three phase induction motor has been 
investigated. The state space and ho.rnonic analysis method^ 
suitable for the study of steaxly state performance of the above 
scheme have been developed. The state space procedure is the 
extension of the one suggested in the literature for the 
study of six thyristors voltage control scheme. The harmonic 
analysis method makes use of the harmonic equivalent circuits of 
the machine. This procedure is named as the modified harmonic 
analysis method and it makes use of the advantage of both state 
space technique and steady state harmonic equivalent circuits. 

An attempt has been made to consider the frequency dependency of 
the machine parameters with the help of harmonic analysis method. 
The maj or advantage of the harmonic analysis method, is that 
it can conveniently take into account the frequency dependent 
machine parameters. In this thesis , a slipring machine of 3 HP 
capacity has been considered for the study and it has been 

observed that the harmonic components do not have much effect on 

, . . 

' the performance characteristic of the machine. In the Case of 
.•^0 large squirrel cage machines, with deep bar rotors the harmonics 
may affect the performance characteristics and the present 
•method can be conveniently used for the study. 

3* The applicability 6i the harmonic analysis method to 
steady state p erf ormah C‘e of inverter driven systems has als 
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been investigated in this thesis. An iterative technique 
which estimates the ejnount of sixth harmonic components 
present in the dc link has been developed. The procedure uses 
the steady state harmonic equivalent circuits for the calcula- 


tion of various system variables. 


4. A phase controlled resistance method of speed control 
has been investigated. The method uses controlled rectifier 
in the rotor circuit to control the amount of rotor power fed to 


the external resistance. The effective rotor impedance and 
hence the speed of the machine is controlled by varying the 
firing angle of the thyristor bridge. The system uses line 
commutation and provides a wide speed variation. The steafly 
state analysis of the system has been done using state space 
procedure. The steady state equivalent circuit of the machine 
with parameters referred to the second aiy circuit is considered 
for the analysis and the state variaT^les used are the actual rotor 
voltages and currents. The procedure does not involve iterations. 
The equivalent circuit is, simplified further replacing the 
thyristor bridge and external resistance by an equivalent 
impedance. This simplified equivalent circuit is convenient 


for hand calculations. The results of the analytical procedures' 
have been compared with the experimental results which were 

-is. simple ' and provides a wide 
sp.eed Variation. . . ' . ' 
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5. A rotor phase control system which uses only three 
3CRs connected in delta and placed at the open star point of 

the rotor circuit of the machine has "been investigated. The • 

various modes of operation of the system have been discussed. 

A state space analysis similar to that developed for the phase 
controlled resistance method of speed control has "been discussed. ■ 
A harmonic analysis procedure suitable for this system has also 
been developed. The results of the analytical procedures have ; 
been compared with experimental values. The oscillograms ^ I 

demonstrating the various modes of operation have been shown to ' j 
Validate the assumptions made in the ana,lytical procedures. ■' | 

6. A firing scheme suitable for the above system has "’’J'.'*] 

\ ! 

been discussed. The scheme does not use auxiliary machines and* • 
uses analog circuits to achieve the firing angle control. For 
a given control voltage the firing angle remains constant 

over a wide speed range. 

'' “ 

7. A 'feed— bacJc control system which uses the above 

phase controlled circuit has been studied. The various fun- : ^ ^ ^ ^ 
ctional blocks which govern the small variations of the system 
Variables _ about the steady state operating point have been 
developed and the dynamic performance of the system has been 
obtained using the differential and algebraic equations of the 
system. Two types of controllers, namely, (i) Proportional 
(P), and (ii) Proportional plus Integral (PI) have been 
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considere'" for the study. The analytical results have been 

uonpared with experimental oscillograms. 

9.3 Scope for Tiiture Hesearch Work 

1. The modified harmonic analysis method reported in 
Chapter 3 can he easily extended to other SCR controlled 
squirrel cage machines of larger capacity whose rotor bar 
resistance may vaiy considerably with the amount of distortion 
present in the stator excitation. 

2. A six stepped voltage waveform is assumed for the 
analysis of voltage fed system discussed in Chapter 5. Here 
each of the SCRs conducts for 180°. if the conduction angle is 
restricted to I 2 O , then the analysis becomes complicated 
because of the xmknown stator induced phase voltages during 
the open circuit conditions. The modified harmonic analysis 
method discussed in Chapter 3 can be conveniently extended to 
the study of the above system. 

3* A half controlled bridge can be used instead of a fully 
controlled one in the speed control system discussed in Chapter 
6. The analysis developed for the fully controlled bridge cir- 
cuit can be easily extended to the system which uses half 
controlled cir cuit . 
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4* riie state space prot edure developed for the rotor 
phase control systems can he extended to the prediction of exact 
line and dc link current waveforns of phase controlled dc 
drives. The system equations will he similar to that developed 
for rotor phase controlled resistance method of speed control 
system with the external resistance replaced hy the internal 
resistance, inductance and hack enf of the machine, 

5. The dynamic analysis developed in Chapter 8 can he 
extended to other speed control systems which use chopper 

controlled external resistance or slip power recovery arrange*- 
ment in the rotor circuit. 
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of 0 


ie obtained fron the value using following 


oqur.ticn 




‘‘'new - ^old “ 


(A. 5) 


Ihe solution can be obtained in two or three iterations 
The vaJ.ue of |3 thus obtain©^ as the initial guess 

value for the hamonio saioiy^^^ oethod* 



APP- TOIZ B 

iil^xLYSIS ON THE VOITAaE WilVEPOBM /iPPLIED 
TO THE STixTOR OP THE SIN&IE PH^ISE IHDUOTIOH 

Md.CHINE 

Por the harnonio analysis, the instant ^ere SORl is 
fired is cshosen as the origin. Referring to Fig. 2.3, the 
voltage waveforn applied to the machine is defined as 

Vg(0) = sin( 0- + a) 0 9 c p 

- e P 6 (B.1) 

where e is the induced emf of the machine during the off 
period. It is assumed to be a sinusoidal waveform in. phase 
with the supply voltage. The expression for e can be written 
as 

e = M sin( q + a) 

Since this voltage waveform is having half wave synmetry, it 
is sufficient if we consider only one— half of the voltage 
waveform. The coefficients of the harmonic components can, be 
obtained using the following equations. 
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Tlie integ- at ion yields. 


•iL-j * -f*" B 


‘1 
where 


7 


A 


n 


2% sina + cos a - cos( 2|3 + a)] 


B - [.5 cos( 2 p + a) - ,5 cosa + ('n:-p)sin a] 

\ \ n takes values 


(B.4) 

(B.5) 


where 


7 r 
n It 


« cosC (n +lj 3-t-«1 _ 2 cosg 


(n^-D- 


(B,6) 




= 0 + D 


where 


7 


n, 

, v/ 


oosa - sin(2^+a) + sina) 

Ti'KTr 

B « ^(Tt-p)cosa - .5 sina + ,5 sin(2p+a)] 


(B.8) 

(B.9) 


~ ^n ®n' ^ takes values 3,5i 

where 


.1 




- 1 ) 


H - Mr sini 

h “ iT^ ” rn-i ) 


- fSf) - (B.11; 


M 




A. 


3 f * * 


sin(n9 + 9<:'^), 


(B.12) 


A. 


-1 “n 


where = tan' ^ 

JnJL Jt*5 
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APj?EK'T)II C 


HAMONIC MAiYSiS OU MACH HE VOLTAG-E WA7BFORM 

The iiarmonic analysis is made on the waveform shown in 
Pig. 5.4(13) in this section. The waveform contains only odd 
harmonics. The coefficients of the cosine terms are given by 
% 

O' 

®'n “ it / f(6) 00s n© d© 

B 

~ sin(6© + p')] cos n© d© + 

0 

211/3 , 2B^ 

11/3 

■n: E^ 

J sin (6© + P’)] *cos n© d©] } (0.1) 

2 it/3 

Upto 13th order harmonic is considered for the analysis. The 
coeff icieiits of the sine terms are given by 

2 ^ 


.sin(6© + p' )] cos n© + 


n 


I / f(©) • sin 


n© d© 


( 0 . 2 ) 


where f(©) is same as given in the evaluation of cosine terms, 


The resultant nth harmonic phase voltage is given by 

+ b^2 (0.3) 


n 


tan"^ aj^/b^. 


where 
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■^PBNDIX D 

OH OH. M.CEIH. C„ V,.VHPOHH 

analysis an the „aoMne current „ave^or. ts 
done uein^y tiiP -Pr^n^ • '^ctvuj.orm is 

na tile following expression. The oopffi ■ r 

onqinc + ooefficients of the 

cosine terms are given by 

% 


XI 


jj- / f(0) • cos n© • i 9 


where f(e) = g 

0 i S i x/6 

= Id + ^6 (6e + V) V6 i 9 1 5n/6 


(D.l) 


= 0 
5n/6 


5%/6 < 0 <' % 


n % 


" //6 + i6 °°=(ee + t)) cos n9 ao 

Ihe ooeffioients of the sine terms .• 


(D.2) 


n 


% / P(6} • d© 


CD.3) 


liie nth harmonic line current is given hy 

~ An^ + •’n^ sin(ne + 

>*en tan (,^= 


(D.4) 
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AlilMX E 

THl VABIOUf? GAIKS AKD TIMIi COKSTAKTS USBD FOR THJ 
IIRTIIRBATIOF STUDY 

Rgjj. = 5 ohms 


Speed 

1050 rpm 


750 rpm 1 


.032 


. 032 i 


. 009 


.009 

^2 

.25 (For i'l 

controller) 

1.832 (F.or II ; 

controller) 


25.0 (For 1- 

controller) 

25.0 (For I 1 

controller) 


.22 (For II 

controller) 

controller) 

s 

-60.0 


-60.0 1 

i 

T 

.01111 


.00667 ! 

% 

-.0363 



% 

-.095 


: -.075 1 

rr 

Rq 

40,0 
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